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This report documents a comprehensive review and evaluation of the Long Term Pavement
(LTPP) pavement layer thickness data. Pavement layer thickness data are very important
of analyses, mcluding  backcalculation of pavement moduli, mechanistic analysis of pavement structures,
and performance modeling. The accuracy of layer thickness data has a great impact on the outcome of
practically ah analyses of performance. The report contains an assessment of the LTPP layer thickness
data and recommendations for resolution of anomalous data. Results of the statistical analyses
documented in this report provide insights into the characteristics of within-section Bayer thickness
viability. The results of the comparison between as-designed and as-constructed layer thickness data
provide useful estimates of the expected construction-related variability. These results can serve as a very

ut to pavement engineering applications involving the reliability of pavement design and
also for quality assurance construction specifications.

This report will be of interest to highway agency engineers involved in pavement analysis, design,
construction, and data collection, as well as future researchers who will use LTPP data to improve on the
design procedures and standards for constructing pavements.
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[n  2001, the Federal Highway ~~~s~ation sponsored a study to review pavement layer thickness data for Long Term
?avement  Performance (LTPP) sites. The main object ive of  the study was to assess the quali ty and completeness of
Javement  layering information and layer thickness data and to provide recommendations for .improvement. In the course of
:he study, layer thickness data available in the LTPP database were examined for quality and completeness using Levels A
:o E data. Following the data completeness evaluation, pavement layering data were evaluated to determine the consistency
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vere inconsistencies in the data, the data were reviewed and reported to the LTPP data managers along with
ecommendations  for data anomaly resolution.
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haracteristics  of within-section layer thickness variation. The analysis included layers with different material and
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ection. The statistical analysis results for 1,034 SPS layers indicated that 84 percent of all layers thickness variations
vithin LTPP section follow a normal distribution.

:he extent of differences between as-designed (inventory) and as-constructed (measured) layer thickness data was also
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thicknesses  tend to be above the designed value for the thinner layers and below the designed value for the thicker layers.

One important product from this study is the Researcher’s Guide to LTPP Layer Thickness Data. The main purpose of this
guide is to provide guidance for the selection of layer material type and thickness data from the LTPP database. The guide
also contains a discussion about within-section layer thickness variability and comparison between as-designed and as-
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The mission of the Long-Term Pavement Performance (LTPP) program is to foster increase
pavement life through: [I]

Collection and storage of performance data from a large number of in-service highways
in the United States and Canada, over an extended period, to support analysis and product
development.
Analysis of these data to describe how pavements perform and to explain why t

rm as tkey do.
anslation  of these insights into products for pavement design, rehabilitation,

maintenance, and management.

Layer structure and thickness information is one of the most important data elements for any
type of pavement performance study. Among the studies where layer structure and thickness
information is critical are backcalculation of pavement moduh,  mechanistic analysis of pavement
structures, and performance modeling. In fact, the accuracy of layer thickness data has a strong

outcome of practically all analyses of performance.

A large amount of data related to layer structure and thickness has been collected as part of the
LTPP program. The data have been collected from several sources, including the following:

Inventory and design records.
e Core measurements from materials sampling and testing.

Field logs of boreholes.
Shoulder auger probe logs.

0 Test pit logs.
Field elevation measurements before and after layer placement for Specific

dar (GPR) measurements (planned to be collected).

The pavement layer thickness data from these sources exist in many different LT
ample, tables  T’ST-ACO1,  TST-ACOlJAY CO6  contain core measurement

a . The Enventory or planned layer thickness n various other tables (e.g.,
). Tables SP$*-LAYER  and SIPS*-LA ss

contain field elevation data. The design layer thickness data are found in the experimental
designs for -newly  constructed SPS  sections.

erein refers to %I?%1
SPS8_LAER,  and

used herein refers to SPS  IJJLYE
J..,AYERJHIC1ESS,  SPSQ-IL
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Additionally, material types and depths to strata top and strata bottom are identified or measured
in the field from holes, test pits, and probes. Table TST-SA L&LOG  stores information
about the samples taken from holes, pits, and probes, and is a good raw data source for unbound
layers.

Using the above ation, the LTPP gional Support Contractors (RX’s) complete tables
TST-LOS,  TST- , and TST-LQ5B. able TST-LOS stores project-level material type
information for SPS experiments with multiple sections constructed at the same SPS site. Table
TST-LOSA summarizes measured layer material type and thickness data at the beginning,
within, and at the end of a section, based on the core measurements and field test pit information.
The TST-LOSB  table provides the representative thickness for the section. These representative
thicknesses are the recommended analysis level layer thicknesses in the LTPP database.

Following is a list of relevant LTPP tables that contain layer materia e or thickness data:

.
Q

0

TST-ACQI-Asphalt  concrete (AC) core examination and thickness. Contains measured

YER-AC  core examination and thickness information. Contains field

SPS layers (Sheet 4).

nt concrete (PCC)  core examination an
d layer descriptions and thic esses for newly constructed

S-Field elevation layer thickness measurements.(Sheet 12).
rmation about the samples taken from holes, pits, and probes.

INV-LAYER-Layer descriptions and thickness data collected from highway agencies
Data Sheet: Inventory 3).

LAYER-Layer descriptions and thickness data collected from highway agencies
on rehabilitated layers (Data Sheet:
TST-LOS-Table  containing laboratory material testing data, project level for SPS
experiments only.
TST-LOSA-Table  containing layer descriptions for all constructions, section level -

data.
B-Table containing layer descriptions for all constructions, section level -

analysis section.

Additional information about the LTPP program, field sampling, materiais testing, data
collection guidelines, and LTPP database can be found in the following documents:

8 ata  Collection Guide for L Teum  Pavement Performance Studies, Operational Guide
No. s P-LTPP-OG-00  1, , Washington,  DC, 1993. [2]

.’ S~~~-~~~~  Interim Guidefor  Laboratory Materials candling  and
ituminous Materials, Aggregates and Soil), Operational Guide No. S

004, s ashington, DC, 1991 (S P-LTPP Lab Gui
Field Materials Sampling, Testing, a& Handling Guide No. S

, Washington, DC, 1992. [4]
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LTPP SPS  Pavement  Layering Methodology,
VI

an, Virginia, January 1

Specific Pave9nent  Studies, LTPP Material Sampling and Testing Requirementsfor  SPS
Experiments. [6-l B]
Specific Pavement Studies, LTPP  Experiment Design and Research Blan for SPS
Experiments. [K&17]

P-LTPP Protocol PO1 for S P test designation AC0 1: Visual Examination and
Thickness 0fAsphaltic  Concrete Cores. [ 181

Protocol P66  for st designation PC06  Visual Examination and
urement of Potila nt Concrete Cores. [19]

LTPP Infol79aation  A4anagement  System: IMS Quality Control Checks, Federal Highway
Administration, Washington, DC,  2000. [20]
Specific Pavement Studies, Data Collection Guidelines for SPS Experiments. [21-261

view of LTPP vemelat  Layer Thickness

The LTPP database contains a wealth of layer material type and thickness data. However, some
ties have been observed in these data, raising some concerns about data quality. For

ns, design thickness or highway agency inventory thickness was reported in the
table b~ause  of the  lack of materials testing data. This is especially true for many

rehabi~~ta~d  sections. In addition, some sections are missing layer thickness information, which
severely limits the use of these sections in data analysis studies.

The goal of this study is to assess and improve the LTPP layer material type and thickness data
quality for data that are currently available in the LTPP database. The main objectives for this
study are as follows:

@ Examme  the layer thickness data in the LTPP database to evaluate quality an
completeness using data at Levels A through E.
Evaluate layer material type and thickness data reasonableness and consiste
provide recommendations for layer material types and thicknesses for each ction.
Characterize the variation in Payer thickness data at different locations within sections
where data are available (i.e., SPS sections).

ocument  the  extent of differences  in the layer thic ess data between as-designed
(inventory) and as-constructed (measured) thicknesses (SPS sections).

ne irnprtant  product from this study is a esearcher’s Guide to the &WB  Layer Thickness
Data. The Guide is presented in a separate report.

chapters. Chapter P (this chapter) provides an introduction. to the
layer material type and thickness data, study objectives, and report

o~~a~~%at~5~~ Chapter 2 suffices layer structure and thickness data availability and
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completeness. Chapter 3 discusses the results from evaluation of the ET P layer material type
and thickness data reasonableness and consistency. Chapter 4 provides a summary of layer
thickness variability data evaluation. Chapter 5 summarizes characteristics of the within-section
thickness data variation for SPS  layers with extensive elevation measurements. Chapter 6
discusses evaluation results on comparing designed versus as-constructed or measured
thicknesses. Finally, chapter 7 presents a summary, conclusions, and recommendations from this
study.

Additional material is included in three appendixes. Appendix A contains a table of material
codes used to correlate material type data from inventory and testing tables. This table was
developed to enable cross-table comparison of material types specified in several LTPP database
tables using different material coding schemes. Statistical formulations used in the skewness-
and-kurtosis test are provided in Appendix B. Appendix C contains description of a statistical
procedure that was considered for evaluation of within-section layer thickness variability
characteristics.



This chapter summarizes the results of the data availability and completeness assessment for
tables related to pavement layer structure. First, the LTPP data source used for this study is
presented. Then, LTPP data availability and quality control (QC)  are discussed, which explains
the QC process of the LTPP data and why some data collected are deemed “unreleasable” to the
public. After that, Payer structure and thickness data are assessed for their quality level and
completeness.

IL ata Source Used  in This Study

P data release 11.5 version NT3.0, obtained on June 8,2001,  was used for this study. LTPP
tables with layer material type and thickness data for individual layers at the section level are
evaluated for data availability and completeness for the relevant sections. Tables TST_ACQl
and TST-LO5 were not included in this study.

Table TST-AC01  was not evaluated in this study because it contains measured core thic
which may represent thickness from multiple layers. Par example, a single AC core iden
the field as AC mate ith measured thickness in the TS 01 table may contain hot-
mix asphalt con& wearing, binder, and base layers.

Table TST-LOS  was not used because it contains information only for SPS projects at the project
level. any SPS projects contain multiple sections at the same site (e.g., SIPS-1 and SPS-2):
This table is useful for researchers who would like to link material type information from
multiple sections at the section level together for a given SPS project.

The foollowing LTPP tables were assessed for data availability and completeness:

and real layer n
-Core examination and thickness information. Contains field layer

TST-PC06-Core  examination and thickness.
descriptions (Sheet 4).
NESS-Layer thickness measurements (Sheet 12).

b LNV-LAYER-Layer  descriptions (Data Sheet: Inventory 3).
@ ayer descriptions ata Sheet: Rehab 2).
@ TST-USA-Table  containing layer descriptions for all  constructions.

--Table  contaming layer descriptions for ah constructions.

The quality of the data is the most  ~rnpo~a~t  factor in any type of pavement performance
analysis. From the onset of the LTPP program7  data uahty has been considered of ~~a~~~~t

ortance. Procedures for collecting and processmg  data were defined (and are modifie
necessary) to ensure consistency across various reporting contractors, laboratories, and
equipment operators A~t~~~g~  these procedures formed the foundation of quality



control/quality assurance ~QC/QA~  and data integrity, many more components of a QCYQA  plan
were necessary to ensure that the data sent to researchers were as error-free as possible.

LTPP has developed and implemented an extensive QC program that classifies each of the data
elements into categories, depending upon the location of the data in this QC process. Several
components or steps comprise the overall QC/QA  plan used on LTPP data, as discussed in the
following paragrap

ata: Procedures for collecting data are documented for each module in the
ase. These procedures are intended to ensure that ata are collected
ounts, conditions, and so on. Documentation refe rices include the

Collection Guide and various module-specific guides.

2 . egional engineers review essentially all data input into the regional LTPP
databases to check for possible errors related to keystroke input, field operations,
procedures, equipment operations, and so on. The regional review is intended to catch
obvious data collection errors. In addition, some data are preprocessed before they are
entered into the LTPP database. Par  example, PROPCAL software is used on the

k by comparing measurements taken at different
tool that allows an operator to identify invalid data

e field, thus saving costly revisits to the site.

3. in ata e: Some checks are prorated  into the LTPP database to
identify errors as data are entered. The LTPP database contains mandatory logic, range,
data verification, and other miscellaneous checks that are invoked during input.

: Once data are input into the LTPP database and reviewed by regional engineers,
formal QCYQA  software programs are run on the data.

led - Starting point. When records are first input into the S they are assigned
a status of A. cords failing the level B or level C checks will have a status of A. At
present, data SPS supplemental test sections, which by pohcy  are not subjecte

ks, are left at level A in most tables,
- An old check that is being replaced in some modules.

was a dependency check on the availability of certain critical data contained in other
tables. In some modules, this check has been phased out and replaced with level E
checks and changes to the structure of the EXPER -SECTION table. There are
cases where records with RECORD-STATUS=B exls e to restrictions imposed by

are used to perform manual upgrades. ’
Availability of critical data fields in a record. These are checks to see if

certain data fields have non- alues. As an example, test section coordinates are
required for all entries in IN and SPS-ID.  Some sf the level C checks are

nditional checks on several fields. Another example, in
of the 7 to 9 possible deflection values, at least 5 must

be non-dull.  These checks are not performed on key fields and fields defined as non-
null, since these fields must be populated in order to create a record.
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eve - Range checks on the values contained in single fields.
called expanded range checks, they are refined range checks on
the magnitude of a number or code value. When data is entered, its range must match
the field format logic, for example, a value of 999 can not be entered in a field
defined as N ER(2,Q).  These checks are more stringent than logical range values,
but in some instances are set to a rather large range of values to encompass typical
conditions. For exam le, the range of air temperature must accommodate conditions
spanning from Arizona to Alaska. In other instances, the  range limits are based on
traditional practice in order to flag outliers and suspect values. For example, the
percent longitudinal reinforcement in PCC  pavements is limited to 1% since it is very
rare that pavements are built with even this very high level of steel reinforcement.

eveEl al checks between data elements in the same record and data
eme in other records. Although previously described as intra-modular

checks, these checks have been expanded to include record level inter-field and inter-
modular checks. Some of the types of level E checks include:
Q Logical relationship between related values. For example, a minimum value must

be less than or equal to the average, which must be less than or equal to the
maximum.

@ Parent-child integrity checks. For example, every record in
EFX~LOCJNFO must have a matching record in

ange checks between related values. For example, the difference between the
aily maximum and minimum air temperature must be less than 50” C.

Referential cascading parent-child level E relationships. For example, for records
TER to reach level E, all matching records in

QFLLE  must be at level E.
Compliance with LTPP rules and test protocols. Many level E-QC checks are
based upon LTBP rules for pavement-structure-material layer types, sequence and
LTPP  test protocols. For example, the surface layer of a GPS-3  test section s
consist of portland  cement concrete.
Computed parameter referential level E checks on records in source tables. ISor
example, for records that contain results of FWD backcalculation c~rn~~tat~~~s  to
reach level E, matching data from the deflection tables must also be at BE.

Once the Q@/QA  programs are completed, the regional engineers review the output and resolve
data errors that they can. ften, the data entered are accurate and legitimate but do not pass

hen this  occurs, the  regional engineer can document that the data have been
confirmed using a Comments table in the database and manually upgrade the record to Level E.

There are many reasons that some important data may not be available from the publicly released
ETPP database at the time of analysis. The following are some possible examples:

e Data  are yet to be collected or the laboratory tests have not been performed on samples

63 Data are under regional office review.
8 Data have failed one of the quality checks and are being reviewed.



ave failed one of the quality checks and were identified as anomalies.
Data need to be quality checked.

0 The development of the SPS-8 requirements took place over time, and some of the earlier
projects may have bad different requirements.

e The monitoring requirements for some sites may have changed over time.

As such the unavailable data identified in this section do not necessarily mean the data were not
collected or submitted by the States. There are several instances where data may have gotten
held up and did not reach Level E. The LTPP program is continuing on a system-wide effort to
resolve all unavailable data so they will be available to future researchers.

An overview of the available LTPP data, both at all QC levels and at Level E for regular LTPP
sections (non-supplemental sections), is provided in table 1.

Table 1. ata availability assessment of the regular sections for layer thickness related tables.

Ivote:  A unique combination of STATE-CODE, SHRP-ID,  and CONSTRUCTIONJUMBER  comprises a
pavement structure.

This overview is presented at three levels to provide a complete picture:

Record level - Number of records in each of the layer material and thickness tables.
Section level - Number of sections having data in each of these tables.
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@ Pavement layer structure level - A unique combination of STATE-CODE, S
and C~~STR~CTI~~-~~  comprises a pavement structure.

Generally, the proportion of records at Level E is good, ranging from 92 to 100 percent. The
percentage of records at Level E is especially good for the SPS*LAYER  and
SPS*~LAYER~TIIIC?SNESS  tables, ranging from 96 to 100 percent, with many at 100 percent.

A summary of the data availability assessment for LTPP supplemental sections is presented in
table 2. It is the policy of the Federal Highway Administration (PIIWA) that records for the

lemental  sections should not be at Level E. Therefore, no Level E data availability
assessment is given in table 2.

Table 2. Data availability assessment for layer thickness related tables
for supplemental sections.

I Sections Number of Pavement
structnres

I-I---_* -I--
I

S P S 6  L A Y E R  THICKNESS 1
SPS7LAYER-

Note: A unique combination of STATE-CODE, SW-ID, and CONSTRUCTION-NUMBER
comprises a pavement structure.

Pavement structures that do not have any records in either table TST 5A or table TST-LO5
are listed in table 3. There are 16 regular pavement structures and 1 supplemental pavement
structure that currently do not have any data in these tables.

For, the Level E data to be used in the subsequent evaluations of the layer thickness data, a more
detailed assessment was performed to find out how many pavement layer structures have data in
these layer thickness related tables for each LTPP experiment. The results are presented in table

avement  structure records at Level E in table E



the experiments contain ata in different layer structure related tables, ranging from one table to
seven tables, with most experiments having Level E data in four tables.

Table 3. List of pavement structures that do not have any data in either the TSTJOSB  table or
the TST-LISA  table at any QC level.



Table 4. Level E data availability for layer thickness-related tables for LTPP experiments.

G [ ‘IA 1 7-a I .- I
- I- I AC 4 5 4 5 I 1 6 I 6 I 3 1



The layer thickness data availability is very good in tables TST-LOSB and TSTJASA,  which
contain the representative layer structure and thickness information for section-level analysis.
Only  16 pavement structures from LTPP regular sections and 1 pavement structure from a
supplemental section do not have any layer structure information in either TST-LOSB or
TST-LO5A.

Gut of 3,457 pavement layer structures at QC  Level E in table E SECTION, 3,240
layers (93.7 percent) have records in table TST-LOSB and 3,229 layers (93.4 percent) have
records in table TS 5A.  There are a significant number of records in all the layer structure
tables.

A total of 217 pavement layer structures do not contain Level E data in table TST-LOSB. Other
thickness-related tables contain data for selected experiment or layer types. A more detailed
summary of the SPS and General Pavement Studies (GPS) pavement structures that do not
contain Level E information in the TST-LO5 table is provided below:

S-l - 8 pavement layer structures.
nt layer structures.

nt layer structures.

SPS-3 - 4 pavement layer structures.
SPS-5 - 56 pavement layer  structures.
SPS-6 - 76 pavement layer structures.

ement layer structures.
vement layer structures.
vement layer structures.
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valuation Overview

One of the project objectives was to identify and explain anomalous observations and provide
recommendations for layer thickness characterization for each LTPP section. The following
potential issues related to layer thickness data were identified during the preliminary data review:

Unusually high or low thickness values for certain layers.
Lack of consistency among different data sources.

0 Erroneous layer types in materials testing tables.
Excessive variation in layer thickness or material types among different locations within
a layer.

ata Sources

To fulfill this task’s objective, the layer thickness data in the following LTPP tables were
evaluated for reasonableness and consistency (using cross-table comparison):

Table TST-AC0  I and table T%T-%A LEJDG  in the LTPP database also contain thic
contains AC core thickness measurements from
t-mat-ion about the samples taken from holes,

probes, and is a good raw data source for unbound layers owever, records in these two tables
are not keyed to the layer numbers as stored in TSTOS d other above listed layer thickness
related tables (field  LAYEWJ?J ). Therefore, the thickness measurements from these two tables
can only be manually matched the layers established in the TST-LOSB  table. Ru-thermore,
some  measurements span more than one layer, and thus cannot
s~rn~ar~s~n  at all. As a result, tables TST-AC01  and TST-S
this evaluation. Nevertheless, these two tables can be used as raw layer thickness related data
sources and be consulted for layer thickness measurements on a case-by-case basis.

ata elements related to pavement layering structure from each of these tables are
illustrated in fi 1.  Double s T~LOSA,
T%TJcB~.JL R, TST-  PC



schematically show that the data elements in the later tables were compared against similar data
in T

*AI1  layers, CN=l
*Description
+faterial type
eMean layer thickness
@Thickness statistics

eAl1 layers, CN>l
*Description
*Material type
eMean  layer thickness
CDrickness  statistics

/

ckness
*Thickness statistics

RX-L
fall layers, at different
locations
eDescription
*Material type
*Representative thickness

mAvg. core thickness
~Tbickness  statistics

eAC  layers
eDescription
*Avg.  core thickness
~Thkkness statistics

Figure 1: Graph. LTPP  data sources containing pavement layering data.

ased on the analysis of the fields in the above tables related to pavement layering structure, the
following data elements were selected for detailed pavement layering data examination:

B. Layer functional description (e.g., surface, overlay, base, subgrade).
2 . erial type description.
3 . presentative layer thickness.
4 . Layer thickness variability (discussed in the next chapter).

These four essential pavement layering characteristics (schematically identified in figure 2 as
question marks and circled numbers 1 through 4) serve as key inputs for many types of pavement
analyses. The selected data elements were examined and compared between different data

tables). The comparisons were done individually for each layer and each LTPP
section. Additionally, layer thickness variability indicators were examined, as discussed ,n
chapter 4.
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Figure 2: Graph. Four essential pavement layering characteristics.

Analvsis Steps

The.data  review activities carried out in this task included the following:

4. Selection of pavement layering data from different LTPP data sources.
2 , Development of a master data analysis table  with the layering information from different

sources included for each pavement layer.
3 . Evaluation of consistency in layer functional description.
4 . Evaluation of reasonableness and consistency in material type description.
5 . Evaluation of reasonableness of layer thickness data and layer thickness consistency

between different sources.
. Evaluation sf layer thickness variability indicators from different data sources (ch

41.
7 . Summarize evaluation outcomes and identify reasons for data inconsistencies.
8 . Preparation of feedback reports to help ensure the data issues are resolved.

The flowchart identifying different data analysis and data evaluation activities is shown in
figure 3.
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easonableness Reasonableness and
and consistency in consistency of layer

-----“----------------,---------------------

and investigate the reasons

- Prepare feedback reports

Figure 3: Chart. Flowchart for pavement layering data evaluation.

In steps 1 and 2, all the data elements from different sources were prepared for the layer-by-layer
review for each section. Steps 3 through  5 were used to evaluate information for major layer
structure data components available in LTPP database. Results of st 6 are presented
separately in chapter 5. Under steps 7 8, the anomalies or suspect d in the LTPP layering
information were identified, examined, and reported back to the A , These activities are
discussed in more detail in the  following sections.

2- ysis ek

To analyze pavement layering information from different sources, a master list of all pavement
layers available in database was created. The master list contains the maximum
number of unique tained for each LTPP section, layer number, and construction event.
These records w , TST-LOSES,  TST-LOSA,
TST-ACOI-LA

eference  Table Selection

The initial data review indicated that table TST-LO5B contains the  most recent and most
complete LTPP section layering information for each layer. The main attributes of the
TST-LQSB table are:



Thickness data based mostly on core measurements
Representative and most accurate layer thickness

ost complete layer and material type description
Highest number of layer records

A total of 96.7 percent of the unique GE% layer records (5,938 records) and 83.8 percent of ah
SPS layer records (9,360 records) were included in the TST-LOSB  table at the time of the study.
As such, TST-LOSB  was selected as the target or reference table for the selection of analysis
components and cross-table comparison of pavement layering data. Layers not included in
TST-LO§B table were not used in the cross-table pavement layering data analysis. These
records were examined individually for data reasonableness and identification of anomalous
data.

Correspondence in Layer Numbering System between Different Sources

The review of the layer numbering scheme used in different tables indicated that layer
numbering is consistent among all the tables except INV-LAYER. Thus, before the layer-

fferent  tables could be compared, layers from the NV-LAm
from the other tables.

To align the LNV records, the TST-LO5B table was used as the reference. The
TST-LO5B table wo fields (W~LAYERJW  and INV~LAYERJ+W2)  that provi
information about the corresponding inventory layers. Based on the values in these fields, several
different scenarios are possible regarding layer correspondence between the INV-LAYER and
TST-LO5B tables. The INV-LAYER layer correspondence scenarios and consequent actions
are summarized in table 5 below.

Table 5. Evaluation of Payer numbering correspondence between the INV-LAYER and

1 Layer numbers are the same I 2803 (72%) 1 Analyze

Using the scenarios outhned  in table 5,3,381  records (86 percent) with layer-related ~~f~~at~o~
from the V-LAYER table were aligned with the rest of the data sources.
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ased on the number of data sources available for the analysis of each pavement layer, different
data availability codes were assigned to each layer:

0 Code l-layer-related data are available from the TSTiLQ5l3  table and one or more
other tables.
Code Z-layer-related data are not available in the TST-L05 table but are available in
one or more! of the following tables: TST-LOSA,  TST-ACOl-Layer,  TST-  PC06,

V-LAYER, W , or SPS*-LAYJX

ecause the TST-LOSB  table was selected as a reference table, only records with analysis data
availability code 1 were used in the cross-table pavement layering data analysis. Records that
did not have a corresponding entry in TST-LO5 were reviewed individually for data
reasonableness. Table 6 summarizes the number of records used in the analysis for each LTPP
experiment.

Table 6. Summary of the number of records used in the cross-table pavement layering analysis.

\ Total I.5276 1 I§ I 3381 I 2391 I 4731 I

Notes: G = GPS  experiment.
S = SPS experiment.



The pavement layer  functional description provides information about the functionality of a
avemernt  layer, such as overlay, surface, base, or subgrade. LTPP uses a list of codes to

describe layer functiomal description, as shown in table 7.

Table 7. LTPP layer function description codes.

In this study, the values from the layer functional description field were compared among the
g tables: TST_LOSB, TST-LOSA,  IN’V-LAYER , TST.JICO~-
and SPS*-LAYER.  The description field in the e served as a reference

for the functional layer description information, and the description fields from the other tables
were compared against it.

The procedure for layer functional description consistency evaluation is shown schematically in
figure 4.

Figure 4: Graph Example of layer  functional description consistency evaluation.

The results of the layer f~~ct~~~a~  description consistency evaluation are summarized in table 8
ad are shown in figure 5 se arately  for the GPS  and SPS sections.

Records with a ~~~ct~~~a~  layer description field that is inconsistent between different data
sources were reported to the LTPP data managers in feedback reports.



Table 8. Summary of the layer functional description consistency evaluation.

G 100.0% 100.0% I 97.3% I - I - I

G’=  GP§  experiment.
S = SPS experiment.

Cons is ten t
9 5 %

Inconsistent Consistent
5% 92%

I ncons is ten t
8%

Figure 5: Ch esults of layer functional description consistency evaluation.

Note that in figure 5, the ch slice labeled “Inconsistent” represents the layers that had at least
one of the evaluated tables with data (functional description) inconsistent with the data in the
TST-L&33  table. Similar statement applies to all other pie  charts presente

The material type description is very important pavement layering information.  Material type
are found in tables TST-LOSE%,  TST-LOSA,  DJV&AYER,  R -LAYER,  and
These data were examined to determine:



@ easonableness or validity of the material type codes in each table.
Consistency of the material type description from other tables with that in the TSTJBSB
table.
Consistency of the material type description available in the TSTLQSA  table for
different locations along the section.

Material Tvne  Reasonableness

The purpose of the reasonableness check was to evaluate whether the material description code
for the layer is consistent with the layer functional description. For example, soil material
descriptions are not adequate for the paved surface layers. Table 9, based on the SPS  Pavement
Layering Methodology, Operational Guide [5],  was used as a primary reference for evaluating
material type reasonableness.

Table 9. Criteria for evaluation of material code validity.

1---11--I --

1 Subgrade

302-3 10.3  19-350
lOO-178,200-294,  51-65L

71-80,85,&l-84’

11 Embankment Layer

Ivh?es  : ’ For SPS-7 only.
2 Based on Appendix A of LTPP Data Collection Guide. [2]
3 Based on reference. [27]

While most of the records had valid material codes, some records in the evalu
al codes different from those specified in table 9, Table 10  provides a su
s with identified erroneous material codes. Addition

material codes. The identified records were reported to the
analysis/operations feedback report.



Table 10.  Summary of the records with erroneous material codes.

Material Type Consistency among Different Tables

To evaluate consistency between material types reported in different tables, LTPP material code
lists were reviewed first. Two sets of material codes are used in the LTPP database to describe
material types in the testing tables (TST-LOSA  and TST-LO533  tables) and in inventory-type
tables (including INV~LAYER,  I3 , and SPS*-LAYER  tables) in the LTPP
database. As a result, for some layers, material type descriptions in tables TST-
TST LO5A  do not have exact corresponding material type descriptions in tables R

-LAYER, and SPS*LAYER.  For these layers, manual reviews of individual layer
descriptions and engineering judgment are necessary to identify whether the material
descriptions from different tables are consistent (or similar enough).

Correlated material codes need to be formulated to evaluate the consistency in material data from
all LTPP tables containing material types, For the material type codes that do not have the exact
same descriptions, “similar” material groupings were developed to correlate material codes in the
inventory tables and material codes in the testing tables. The reasoning for the assignment of
different material categories is summarized below for different material types.

Similar Material Type Grcmpingfor me  and Subgrade  Materials

classification system [281  was considered the best way to group “similar” soil or
granular materials. For example, clayey materials were grouped as “‘clayey soils,” as per the
AASHTO  group classification A-6 and A-7. The same criteria were applied to other typical soil
types, such as gravels (A-l, A-2), silty soils (A-4, A-5),  sand (A-l, A-2), clayey sand (A-2), silty
gravel (A-l, A-2), and silty sand (A-2). In addition, the following criteria were applied:
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Stone and rock materials were assigned in two different categories to differentiate
between rock that is entrapped and stone or cobbles that are loose unbound aggregate
particles no longer intact in their original formation. [29]
Limerock  and caliche  were grouped into an individual category because of their specific
characteristics (i.e., used only in very specific parts of the country, such as Florida) that
differentiate them from typical embedded rock.
Soils that are treated in some manner were grouped as “stabilized subgrade soil,” and the
same criteria were applied to create a group of “stabilized base materials,” which includes
soil cement and aggregate mixtures. [30]
Textiles and.geo-grid  products cannot be defined as materials in the common sense, but
they are part of the pavement system. These materials were grouped as “geomaterials.”

recessed  aggregates such as crushed aggregates and stone shoul not be  grouped  with
natural-occurring gravelly subgrade soils; therefore, a new group called “processed
granular base materials” was defined.
The “fine soil” and “unbound base/subbase” groups were combined in a new similar
group denoted “subgrade soils” that includes fine, unbound/untreated soils. Although
some hne-grained  soils are grouped as ‘“subgrade soils,” little information about the
material properties can be conveyed by the existing definition.

Similar terial Type Grouping for Asphalt Concrete Materials

The basis for grouping “similar” asphalt concrete materials included a decision-tree process. The
materials were first aligned by mixture gradation (sand, open- or dense-graded) as a first filtering
step. The method of production (hot- or cold-laid) was the second criterion used to distinguish
asphalt groupings. Recycled asphalt concrete, maintenance seal coats, and special plant mixes
(emulsions, cutbacks) were retained in individual groupings. [27]

The table of new correlated groupings of “similar” materials and corresponding material codes
from inventory and testing tables is presented in appendix A.

Material Type Consistency Criteria

To test the consistency of material type data between different tables, the TST-LO5
used as the reference for material type description information. The material type description
data from other tables were compared against it using the criteria outlined in table 11  below.
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Table 11. Material type consistency criteria.

Consis ten t

Similar

Inconsis tent

Material type descriptions are the same. 0

Material types are similar based on a broad material categories developed for
geological materials using the dominant material component(s).

1

Material type descriptions are different. 2

I Material types cannot be evaluated because no material codes are available in
Not evaluated one of the tables that make comparison pair (or if material type is available I 3 I

only at  one location for “along the section” consistency test) .

Figure 6 shows schematically the testing procedure used for evaluation of consistency in the
material type description between different tables.

Nabt evaluated

Figure 6: Graph. Example of evaluation of layer material type consistency between different
tables.

The results of layer material type consistency evaluation between different data sources are
zed in table 12 and figure 7, separately for GPS  and S
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Table 12. Summary of the layer material type consistency evaluation.

L~x~e~~~e~t
Percentage of Layers with Layer Material Ty

TST-LOSB
SE’S*-  LAYER

1.1 43.8 1 31.4 1 61.4 1 11.4 1 - -

Notes: G = GPS  experiment.
S = SPS experiment.

Consistent
or similar

81%

Inconsistent Ts$:ea:f
19% 78%

Inconxsient
0

Figure 7: Chart. es&s of layer material type consistency evaluation between different data
sources.

ecords with inconsistent material codes were identified and reported to the
of feedback reports.

A in the form

Table TSTJAX4  wontons  information about layer material types evaluated  at up to three
locations (the beginning, the middle, and the end) along the LTPP section. IIn  this task, the
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consistency of the material type along the LTPP section was evaluated using the process shown
schematically in figure 8.

Figure 8: Graph. Example of evaluation of layer material type consistency along the section.

In the TST-ROSA  table, 5,795 GPS records (97 percent of all GPS records) and 2,581 SPS
records (28 percent of all SPS records) had layer material type information for more than one
location along the section. The evaluation results of layer material type consistency along the
section are summarized for GPS and SPS sections in table 13 and figure 9.

Table 13. Summary of the layer material type consistency evaluation along the LTPP section
length (TST-LOSA table).

Percentage of TST-LOSA  Layers with Material Types along the
Section

Consistennt I

,4.” I . . I i v.\Y

96.2 ! 3.8 ! 0.0

G = GPS experiment.
S = SPS experiment.
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Consiste
89%

nconsistent
7%

Similar
4%

Consiste
98%

Inconsistent
1%

Similar
1%

Figure 9: Chart. esults of layer material type consistency evaluation along the section.

5- onsistency ayer

Evaluation of the 1 r thickness data was one of the most important acti es under this project.
ess data are found in the following tables: TST-LCI

-LA ) SPS*-LAYER,  and

esses in the SPS*-LAVE KNESS  tables are report for different ’
locations along the section; these data are grouped by layer type (surface, base, etc.) and material
type (AC, PCC,  aggregate) categories, rather than using the LTPP consecutive layer numbering
scheme. The SPS*-LA ables contain the sulmmary information from the

tables.

The TST-LOSA  table contains layer thickness measurements obtained at up to three locations
(the beginning, the middle, and the end) along the section. e data serve as a source for
representative layer thickness values reported in the TST table.

The TST-PC06  table contains layer thickness measurements for layers obtained using.
individual pavement core samples. The TST-ACQl-L table contains layer thickness
measurements for AC layers obtained using individual ent core samples.

The layer thickness data from the above tables were analyzed to determine:

Reasonableness of the thickness data.
of the thickness data with the representative thickness data in table

To evaluate reasonableness of layer thickness data, representative layer t kness ranges were
determined for different layer types. The criteria specified in SHRP-L terim  Guidefor
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Paz7 en&,  Aggregatees  and Soil),
rational Guide No. S P-LTPP-OG [31@ Guide), were used to set

reasonable layer thickness ranges based on the layer description codes, as shown in table 14.

Table 14. Thickness ranges used for reasonableness checks.

The S Guide [3]  does not provide guidance for the representative thicknesses of
the prepared subgrade  and recycled layers. Also, only a few records had subgrade  thickness data
in the LTPP  database. Thus, thickness reasonableness was not evaluated for the subgrade  and
recycled layers. Layer description codes from each table were used as a reference to obtain
reasonable thickness ranges for different layers listed in table 14. Based on the representative
layer thickness ranges, minimum and maximum thickness values were determined for each layer
fYPe*

The TST-PC06  table does not contain a field with layer functional description. To evaluate
reasonabPeness  of re sentative layer thicknesses reported in this table, the Bayer function

TJ,@5B table was used for the corresponding records. Thicknesse
STJXD6  table that did not have matching layer numbers in the  TST-

table were not evaluated for reasonableness.

The TST-ILCBSA  table could contain thickness measurements at different locations.
Reasonableness of layer thicknesses at all locations was evaluate in the study. K  at least one
out of the  possible three layer thickness measurement values was outside of the reasonable
thickness range for a given layer type, the layer was Wagged as one with  unreasonable layer

Table 15  provides the Payer thickness  reasonablleness  evaluation results grouped by LTPP table
name arid  experiment type.



Table 15. Summary of the layer thickness reasonableness evaluation results’.

I IEx~er~rne~t Percentage of Layers with asonablel Layer Thic I

1 S 1 9 1 s 96.7 1 96.3 1 - 1 100.0 1 100.0 1 55.6 I 96.2 1

tee:  ’ Based on the criteria from the S -LTPP Lab Guide. [3]
G = GPS experiment.
S = SPS experiment.

As a result of the layer thickness reasonableness evaluation, all thickness values outside the
acceptable thickness ranges were identified and reported to the A for review.

Laver Thickness Data Consistencv

ne of the objectives of the study was to evaluate the consistency between section-level layer
thickness values available from different data sources (tables). Se
values could be found in the following LTPP tables: TST-LOSB,

In addition, table TST-LO5A  contains layer thickness values at up to three different locations
along the section (beginning, middle, and end) and serves as a source of the representative layer
thickness values included in the TST-LQSB table. Layer thickness data from the TST-USPa
table was considered consistent with the data from the TST-LOS table if at least one of the
possible three thic ess values in the TST-LQSA table passed the consistency test. This criterion

dure for determination of the representative layer thickness, as explained nn
Lab Guide. [3]

Tables TST-ACQ 1JA. and TST-PCS6  contain layer thickness measurements obtained
from the pavement cores taken at different locations along the section. These measurements



were used to compute representative layer thicknesses for the records included in the
l-LAYER  and TST-PC06  tables.

To evaluate the consistency of the layer thickness data from different sources, the criteria for
allowable differences in layer thickness were developed first. The criteria were based on the
layer thickness consistency values utilized in the SHRP-LTPP Lab Guide [3].  The values
reported in the guide were developed for evaluating layer thickness consistency between the ends
of the L section (i.e., between minimum and maximum values). The comparison carried out
in this study is between the representative or “average” thickness values obtained from different
data tables. Based on the difference in the data statistics used in the current study compared to
the analysis outlined in the operational guide (“‘range” versus “average” value comparison), the
allowable differences used in the current study were reduced by half for the comparison of the
average thickness values. The representative thickness data in table TST-LQSB  were used as a
reference for the comparison with the representative thicknesses in the other tables.

Table 16  provides a summary of the allowable differences between representative layer
thicknesses that were used in this study to evaluate layer thickness data consistency between
different tables. Figure 10 schematically shows the procedure used for evaluation of consistency
in layer thickness data between different tables.

Table 16. Criteria used for evaluation of layer thickness consistency between different tables.

Figure IO:  Graph.  Example  of evaluation of Payer thickness consistency between different data
tables.

For thin AC layers (less than 51 mm), if the allowable difference computed using formula
provided in table 16 was less than 2.5 mm (0.1 inch), the value of 2.5 mm was used as a criterion
for evaluation. This decision is based on the fact that layer thickness values are recorded in the

S database to the nearest one-tenth of an inch.
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Layer thickness consistency for the subgrade or engineering fabric layers were not evaluated
because no comparison criteria for these layers were established. Additionally, if layer thickness
in the TSTJOSB  table was marked as 999.9, no comparison with the corresponding layer
thicknesses from the other tables was carried out. A thickness value of “999.9” indicates that
there is a considerable difference in pavement thickness values between section ends, so that no
representative thickness value could be established.

epresentative layer thickness values were obtained from different data tables and compared
with the representative thickness data in table TST-EOSB.  The outcome of the thickness data
consistency evaluation is summarized in table 17 and figure 11  separately for GPS  and SPS
sections.

Table 17. Summary of the layer thickness consistency evaluation results’.

Notes:  ’ Based on the criteria from the table 16.

G = GPS  experiment.
S = SPS experiment.
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Cons is ten t
8 2 %

Incons is ten t Incons is ten t

1 8 % 2 2 %

Cons is ten t
7 8 %

Figure II 1: Chart. Results of layer thickness consistency evaluation between different data
sources.

Records with layer thickness differences between the tables exceeding the values shown in table
16  were reported to

The anomalies, suspect data, and inconsistent information found during the pavement layering
data evaluation are described below, along with a discussion of possible causes of their
occurrence, Corrective or remedial measures taken to address these data issues are also
discussed. Identified layer thickness data issues were reported to the A for data resolution
in numerous ETPP Data Analysis and Operations Peedback Reports (feedback reports).

1: Inconsistent Laver  Descriptions

A total of 1,067 records had layer functional descriptions different from the description provided
in the TST-LOSB  table-304 records from GPS  experiments and 763 from SPS experiments. A

ack report was generate and sent to the P A for the data in these records.

2: Erroneous Material Type

Data evaluation of material and layer functional description codes indicated that, in some
instances, the material description codes for the layer were inconsistent with the layer functional

escriptions.  For example, soil material descriptions were used for the base layers. This means
that either the material code or the Payer functional description code is incorrect. The summary
of records with invalid material codes for specified functional Bayer type is provided below:

Q 53 layers out hmf 15,298 layers in the TST-LOSB  table.
a 49 layers out of 15,189  layers  in the TST-LOSA table.
63 99 Payers out of 2,841 layers in the R
e 368 out of 3,918  layers in the INV-L
8 B Payer out of 1,021 layers  in the SPS
B 0 layers out of 621 layers in the SP
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18 layers out of 1,056 layers  in the SPSS-LAYER  table.
13 layers out of 402 layers in the I?%-LAYER  table.
8 layers out of 135 layers in the SPS7-LAYER  table.
2 layers out of 155 layers in the STY%-LAYER  table.

8 31 layers out of 475 layers in the SPS9-LAYER  table.

In addition, material or functional layer description codes were missing for some records. A
feedback report was generated and sent to the A for the data in these records.

The review of material type data used to describe different pavement layers showed
inconsistencies in the material naming conventions and material codes used in the testing tables

e tables (including INV-LAYER, PS*-LAYER). As a
material type descriptions in tables TST and TSTJXISA  do not
ng material type descriptions in tables l[NV-LA , RHB-LAYER,  and
are no established reference criteria that could be used to determine
in the above tables are similar or significantly different.

action, a materials expert was contacted to develop a methodology for evaluation
of material code compatibility. As a result, a table of correlated material codes was created to
enable cross-table comparison of the material codes between inventory-. and testing-type tables.
The results are presented in appendix A.

4: Inconsistent Material Types

A substantial number of records from the SF’S*-LANZR,
tables al types significantly different from those specified in the TST-LQSB  and
TST- s, as summarized below.

Table:
GPS  experiments- 3 1.5 percent (990 of the 3,147 layers with material codes) had
inconsistent material types.
SPS experiments-10 percent (19  of the 189 layers with material codes) had inconsistent
material types.

-LA Table:
GPS  experiments-22 percent (100  of the 455 layers with material codes) had
inconsistent material types.

0 SPS experiments-22 percent (147  of the 655  layers with material codes) had
inconsistent material types.

SPS*-LAYER  Tables:
S-l experiment- 2 7 percent (294 of the 1,102 layers with material codes) had

inconsistent material types.
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0 SPS-2 experiment-19.5 percent (128 of the 655 layers with material codes) had
inconsistent material types.
SPS-5 experiment-2 8 percent (449 of the 1,612 layers with material codes) had
inconsistent material types.

0 SW-6  experiment-38 percent (248 of the 654 layers with material codes) had
inconsistent material types.

63  SPS-7 experiment-29 percent (60  of the 208 layers with material codes) had
inconsistent material types.

S-8 experiment-27.5 percent (25 of the 91 layers with material codes) had
inconsistent material types.
SPS-9 experiment-36 percent (1147  of the 409 layers with material codes) had
inconsistent material types.

Some of these inconsistencies could be explained by different material coding lists used in these
tables. In some instances, it was difficult to establish material “similarity.” In other cases, more
than one layer with different material codes in the DJV-LAYER  table corresponded to a single
layer in the TST-LOB  table. Identified problems were reported to the FHWA in the form of
feedback reports.

5: Unreasonable Thickness Values (Outside the Recommended Range)

The L’ITI?  material testing guide provides typical thickness.ranges  for most layer types. [3]
These values were compared with entries in the TST-LOS& TST-LOSA, TST-ACOl-  LAYER,
TST-  X06,  INV-  LAYER, R _ LAYER, and SIPS*-LAYER tables. Records that fall
outside the recommended range are summarized below for each table.

TST-LQSB Table:
@ GPS  experiments-2.7 percent (125 of the 4,639 layers with thickness data) had

thickness values outside the recommended thickness range.
SPS experiments-2.2 peree he 7,399 layers with thickness data) had thickness
vdues  outside the recomme

TST-LO5A Table:
GPS  experiments-4.I  percent (192 of the 4,638 layers with thickness data) had
thickness values outside the recommended thickness range (least at one location along the
SeCtkIn.)

0 SBS experimer&---2.5  percent (I 18 of the 4,777 Payers with thickness  data) had thickness
values outside the recommended thickness range (at least one location along the section.)

Computed Representative Values based on the TST-A@Ol-  LAYER  Table:
e GPS  experiments-Xl.7 percent (10 of the 1,364 layers with thickness data) had thickness

values outside the recommended thickness range.
63 SPS  experiments--0.8 percent (12 of the 2,903 layers with thickness data) bad thickness

values outside  the recommended thickness range.

epresentative Values based on the TST- PC06  Table:
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GPS  experiments-36 percent (13 of the 364 layers with thickness data) had thickness
values outside the recommended thickness range.
SPS experiments-2 . 3 percent (7 of the 3 11  layers with thickness data) had thickness
values outside the recommended thickness range.

IMV_LAyER  Table:
e GPS  experiments-l.2 percent (32 of the 2,694 layers with thickness  data) had thickness

values outside the recommended thickness range.
SPS experiments-l.5 percent (5 of the 344 layers with thickness data) had thickness
values outside the recommended thickness range.

-LA Table:
GPS  experiments-l.5 percent (7 of the 470 layers with thickness data) had thickness
values outside the recommended thickness range.

0 SPS experiments-2.0 percent (15 of the 732 layers with thickness data) had thickness
values outside the reco ended thickness range.

SPS”-

B

Tables:
experiment-O.3 percent (3 of the 928 layers with t ess data) had thickness

th&  recommended thickness range.
.8 percent (4  of the 532 layers with  t ess ta) had thickness

values outside the recommended thickness range.
SET-5  experiment-8.0 percent (156  of the 1,953 layers with thickness data) had
thickness values outside the recommended thickness range.
SPS-6 experiment-O percent (0 of the 8 11  layers with thickness data) had thickness
values outside the recommended thickness range.

(32 of the 216 layers with thickness data) had thic
thickness range.
3 of the 114  layers with thickness data) had thickness
thickness range.

SPS-9 experiment-3.8 percent (24 he 630 layers with thic ess data) had thickness
values outside the recommended thi ss range.

No remedial action was taken for the identified records. wever, comment codes were
assigned in the analy  ’ ary table to the records containing such data. A feedback report
was submitted to the r further data review. If the review of data sources would indicate
that the reported thickness values are “true” data, we recommend adding a comment field to the
relevant layer thickness tables ex laining the reason for the unusual layer thickness.

In addition, in the table, thickness values of 0.0 are used to identify:

(friction course, surface treatment, seal coat) with a thickness that cannot be
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This creates some confusion because it is unclear whether the layer is removed or whether it is
too thin to establish representative thickness. In the future, it is recommended to use a minimum
thickness of 3 mm (0.1  in) for thin layers instead of 0.0 to differentiate between “removed” layer
and existing thin layers  (with thicknesses too small to determine).

6: Inconsistent Thickness Values

Based on the criteria established in table 11 in this report, layer thickness values were compared
with the values in the TST-LQSB  table. Records that had layer thickness values significantly
different from those reported in TST-LOSB  are summarized below.

TST-LOSA Table:
@ GPS  experiments-O.09 percent (4 of the 4,612 layers with thickness data) had thickness

values  significantly different from those in the TST-LOSB  table at all locations along the
section.
SPS experiments-O.7 percent (33 of the 4,721 layers with thickness data) had thickness
values significantly different from those in the TST-LOSB table at all locations along the
section.

Computed Representative Values based on the TST-ACOI-  LAYER  Table:
GPS  experiments-5.2 percent (86 of the 1,670 layers with thickness data) had thic
values significantly different from those in the TST-LOSB  table.

@ SFS  experiments- 12.7 percent (272 of the 2,144 layers with thickness data) had
thickness values significantly different from those in the TSTJQSB  table.

Computed Representative Values based on the TST-  PC06  Table:
GPS  experiments-O.8 percent (3 of the 364 layers with thickness data) had thickness
values significantly different from those in the TSTJ.,QSB table.
SPS experiments-8.7 percent (27 of the 3 11  layers with thickness data) had thickness
values significantly different from those in the TST-LOSB table.

pi Table:
@ experiments-26.0 percent (612 of the 2,355 layers with thickness data) had

thickness values significantly different from those in the TSTJ,O5B  table.
SPS experiments-24.4 percent (38 of the 156  layers with thickness data) bad thickness
values significantly different from those in the TST-LOSB table.

g GPS  experiments-36.4 percent (147  of the 404 layers with thickness data) had thickness
values  significantly different from those in the TST-LOSB table.

@  SPS  experiments-38 .5 percent (196  of the 509 layers with thickness ataq had thickness
values significantly different from G-rose  in the TST-LOSB table.

Tables:
eriment-9.2 percent (79 of the 859 layers  with thickness  data) had thickness

values  significantly different from those in the TST-LOSB table.
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0 SPS-2 experiment-123 percent (61 of the 497 layers with thickness  data) had thickness
values significantly different from those in the TST-LOSB table.

8 SIPS-5 experiment-37.2 percent (493 of the 1,325 layers with thickness data) had
thickness values significantly different from those in the TST-LOSB table.
SPS-6 experiment-l 8.0 percent (88 of the 488 layers with thickness data) had thickness
values significantly different from those in the TST-LQSB  table.

0 SPS-7  experiment-36.9 percent (58 of the 157  layers with thickness data) had thickness
values significantly different from those in the TST-LOSB table.
SPS-8 experiment-6.2 percent (4 of the 65 layers with thickness data) had thickness
values significantly different from those in the TST-LO5B table.
SIPS-9 experiment-27.1 percent (88 of the 325 layers with thickness data) had thickness
values significantly different from those in the TSTJOSB  table.

No remedial action was taken for the identified records. However, comment codes were
assigned in the analysis summary table to the records containing such data. A feedback report
was submitted to the A for further data review.

A number of layers in the table had multiple records for the same layer and
construction number. On the most recent “date co lete” were used in the
analysis. A feedback report identifying multiple records in the
submitted to the FHWA.

8: Missing Records in the TST LQ5B  Table

Analysis of the data indicated that the TST-LOSB table is the most complete source of layer
thickness information. However, there are still 203  (3.3 percent) GPS  layers and 1,813 (16.2
percent) SPS layers available in the other tables that are not included in the TST-LQ5B table.
Layers that are available in at least one of the following but not available in TSTJOS
Level E release 11.5 version NT3.8 were reported to the A: TST-LO5A,
TST-AGOI-LAYER,  TST-PCOB,  R -LAYER,  and SPS*-LA

There are 468 (12 percent) records in the INV-LAYER  table that are not referenced in the
5B table. These records were reported to the A for data review.
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The results of the pavement layering data evaluation were assessed to determine the consistency
of pavement layering information between different sources. IIn addition, within-section layer
material type consistency and material type reasonableness were evaluated using selected tables
where these parameters were available.

The consistency of pavement layering data between different sources was evaluated for three
data categories:

GJ Layer functional description
aterial type description
epresentative layer thickness

In this evaluation, data pertinent to the layer functional description, layer thickness, and layer
material type were obtained from multiple LTPP data tables for each pavement layer and each
LTPP section. The data were reviewed to determine consistency between multiple data sources.
A Payer was considered to have consistent information between different data sources if all the
tables containing pertinent information had the same data for this layer.
this rule was alliwed for‘kaluation of the layer material types.

The only exception to
If material type records from

multiple data sdiitis’h’ad a “simkr” material type, as identified in table 66 of appendix A, these
records were considkred  “consistent.” This exception was used to accommodate the comparison
between the values from the tables utihzing different material classification codes (i.e., material
codes for testing versus material codes for inventory tables.)

If there was inconsistency in data from one or more data sources, a layer was flagged for further
review. h-rconsistencies  in pavement layering data were reviewed and reported to the LTP
managers in the form of data analysis/operations feedback reports, along with recommendations
fsr data anomaly resolution.

Table 18  contains summary results for the pavement layering data consistency evaluation for
each LTPP experiment.

tionally, reasonableness (or validity) of material type description was evaluated. The
ose of the reasonableness check  was to evaluate whether the material description code for
yer is consistent with the layer functional description. While most of cords had valid

material codes, 642 records out of 41 ,I 1 I (1.56 percent) had erroneous mate codes, and some
were missing material co s . The identified records were reported to the A in the

data a~a~ysis~ope~at~o~s  feedback report.

Reasonableness of  Bayer thickness data was evaluated using representative layer thickness ranges
-LTPP Lab Guide [3].  As a result of the layer thickness reasonableness
ss values outside the representative thickness ranges were identified and

A for the  data review.
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Table 18. Summary of layering data consistency evaluation for each LTPP experiment.

G 5 336(98.2%)  1 6(1X%) 1 231(67.5%)  1 111(32.5%) 1 2f
1 c-3 1 6 1 1583 (92.8%)  i 122(7.2%) i 1539 (91.2%)  t 148 C3.8%1  1 1160(82.1%)  t 253 (17.9%) t
1

- ~- --

G 1 7 1 i 490(91.4%) x-  f I 1 46(8.6%) . ,, 1 452(84.5%) 1 83 &.S%; 1 352 &2.1%; 1 77 (;7.9%)' 1

Abtes:  G = GPS experiment.
S = SW  experiment.

Using the outcome of the data evaluation for the four major parameters related to layer structure
and layer thickness (layer functional description, material type, representative thickness, and
variation in thickness measurements), the quality assurance codes i~dicatiug  consistency and
reasonableness of pavement layering data from different data sources were assigned to each

ta analysis summary table contain codes for major layer-related parameters
r each layer was submitted to the on a CD  with the fmal report. This table

includes the following ~nfo~ation  for each LTPP section on a layer-by-layer basis:

Layer functional type and material type codes, thickness, and thickness-summary
statistics indicators extracted from multiple data sources.
Indicators of functional layer data consistency between sources.
Indicators of layer material type reasonableness from each source data table.
Indicators of material type data consistency between sources.
Hndiicators  of layer thickness data reasonableness from each source data table.
Indicators of layer thickness data consistency between different sources.

@ m-section layer variability indicators, including excessive variability flags (where
available).



0 representative  layer thickness C.x  each pavement layer (for layers that
ta reasonableness and consistency evaluation criteria).

List of tables where layer thickness data are available for each pavement layer.



This chapter summarizes the results from the evaluation of the thickness data variability
indicators based on core thickness measurements and field elevation measurements (SPS only).
Typical LTPP layer thickness variability values are summarized by different layer and material
types.

The chapter also presents the summary of the comparisons of layer thickness variances and
means obtained based on the core and elevation thickness measurements for newly constructed
SPS sections for different layer types, material types, and target thicknesses.

ness lXX!S

Layer thickness summary statistics such as average, minimum, maximum, standard deviation,
and coefficient of variation (CQV)  serve as indicators of layer thickness variability along the
section. For GPS  sections, most of these values could be obtained from the LTPP database

. These summary statistics were provided by the
estimated or computed. o additions information on how
ese tables is available. or the SPS sections, layer

thickness summary: statistics could be obtained from the SPS*-LA s. These values
were computed from the elevation shots measurements. The SPS*- tables do not
contain summary info~~t~on  on the number of data points used to derive the statistics. NQ
information is available in whether all these data points were used to compute summary
statistics or whether some “outlier” points were excluded.

e to limited on how the layer thickness summary statistic measures provided in
PNV-LAY AYER, and SPS*-LA R tables were developed, it was not possible

to determine whether statistical indices available in these tables were obtained using similar
and whether a comparable number of samples were used to erive the statistical

ased on this limitation, no cross-table comparison of layer thickness variability
ailable  in these tables was carried out in this study.

Alternatively, layer thickness summary statistics could be computed  using LTP layer thickness
data obtamed  from individual core measurements or from elevation measurements.  The
following data sources are available in the LTPP database:

Tables TST-A W and TST-PC06  contain individual core thickness
measurements PCC layers, respectively. The data from these tables were
used to compute layer  thickness summary statistics in a previous LT data analysis
study. 13 11
The SPS”AYER-T SS tables contain individual elevation thickness.’ measurements along the section and reported for different layer and material type
combinations.



Figure 12 shows schematicalily  where core samples and e%evatisn  layer thickness measurements
sections. Core data were obtaine for both GPS  an

while elevation ~eas~~e~e~ts  were obtained only for the newly  constructed SPS  sections.

Figure 12:  Grapfk. Location of core sampling and elevation measurement areas along the LTPP
section.

m.‘.‘.’‘_‘...’.,....’-;:.‘.“..’

ata Assessment and Exclusion of Erroneous Data Points

Two d
reason

ata sources were used in the analysis of layer thickness variability

e Core thickness ~e~su~e~e~ts  for AC  and  PCC  layers from the TST-AC
%ST-PC06  tables.

* Elevation thickness measurements akmg  the section from  the
~THX SS  tables.

Core elevation measurements are available for both @PS  and SPS  sections, while elevation
measurements are available ody for the SIPS  sections. Analysis of layer thickness vati&iEty
rea$snableness  was carried out separately for each data source, and the results of andysis
obtained from different sources then were compared.

Priior  to the statistical analysis, erroneous layer  thicknesses measurements were identified and
fferent error sources were identified in the course of this stu
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erroneous data evaluation are included in the discussion of analyses carried out using data from
each data source.

Thickness Variability Indicators

To compare the thickness information at a layer level in lieu of individual measurement level, the
following summary statistics from individual measurements were computed for each pavement
layer:

a Average thickness.
0 inimum and maximum thickness.

Standard deviation.
C Q V .

COV provides a good measure of whether the dispersion of layer thi ess values around the
mean thickness value is large or small. The COV  is co d as a ratio between
viation and the mean thickness value.

here:

co-v = coefficient of variation of layer thickness.
S = standard deviation of layer thickness.
z = mean layer thickness.

Pigure  13: Equation. Definition of coefficient of v

Thickness Variability Reasonableness Criteria

Criteria established under an LTPP material study [3 1)  were adopted to evaluate the
reasonableness of the thickness variability measures, as following:

For asphalt bound layers, a CQV  of 20 percent was used as the cut-off value.
For PCC surface and lean concrete base layers, a standard deviation of 8 mm was used as
the cut-off value.

The analysis is based on evaluation of the layer thickness variation reasonableness for individual
LTPP  sections and individual layers within the section. Under the LTPP material study 1311,  the
core thickness data for individual layers from the LTPP tables TST-ACOI-LAYER  and

4 were evaluated to exclude erroneous data points and to compute summary statistics.
These summary statistics were used in this study to evaluate reasonableness of the layer
thickness variability indicators for individual layers.

4 3



Prior to the analysis, LTPP sections and individual layers with computed summary statistics were
with data elements in the sckbing  experiment9 layer, and mmial

types.

The criteria established in the referenced study [3 I] were used to evaluate the reasonableness of
layer thickness variability indicators for each layer that had data in either the

or TSTJ?COG  table and in the ‘FST~LOSIB  table. The results of the layer
valuation are presented in table  19 for different LTPP experiments, layers,

Table 19. Summ~y  of project-level layer thickness variability evaluation using core data.

Original
Surface

Vd.1

98.5
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Table 19. Summary of reject-level layer thickness variability evaluation using core data,
continued.

I i GPS-2 1 8 3 6

e&age of Sections
Acceptable Layer
kness  Variations

1  SPS-6 f 2 0 3 I

ATB

SPS-1 I 102 1 5

I ( 3227 257 I I 88.2

For the newly constructed SPS layers with a documented target thic
measurements are available from both core examination and elevation measurements. Layer
thickness summary statistics computed for the newly constructed SPS  layers were compared to
the elevation measurements data, as discussed later in this chapter.

t the most recent ETPP data upload status for the newly constructed SPS layers with a
target thickness, the core thickness data were evaluated again with erroneous data

d and summary statistics computed for each layer and each analysis cell. A



summary of the avail le core thickness data for  SIPS  experimental sections is presented in table
20.

Table 20. Core data availability in tables TST-ACOIL

0 0
182 36
894 140

Using the three-standard deviation criterion, one core thickness record was identified as
erroneous (Section 22-0708, PCC layer) and was eliminated from the analysis at the project
level. The measured core thicknesses for this layer are between 140 mm (5.5 in)  and 149
(5.85 in), except for the excluded core measurement that was 198 mm (7.8 in).

For SPS  newly constructed layers, elevation measurements were taken throughout the section of
the final finished surface. The measurements normally are made at five offset points at 152-m

-ft>  spacing along the section.

ig number of elevation thickness measurements available at each layer level makes them a
good candidate for thickness variability evaluation. One add~t~o~a~ vantage of these thickness
measurements is that their layer design or target thickness is known to the research team. As  a
result, the thickness variability values can be compared and summarized for different target
values.

The ava~lab~~~ty  of elevation data in SPS*JA
number of sections are resented in table 21.

ESS tables by layer type and
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Table 21. Summary of the elevation thickness measurements in the
SPS”_LAYER~T KNESS  tables.

I D G A B  t---%+

PATB
x3-1
SPS-2

The total number of records at Level E in the S
the time of the study.

Exclusion of the Erroneous Data Points

Prior to the data analysis, 78 erroneous data points were excluded before the analysis because of
data inconsistency. The following list summarizes data inconsistencies found during review of
the data from the SPS*-LAYER-T SS  tables:

@ Fifty-five records for section 35-05 1 are excluded from the analysis because these data
were collected for the control section that was overlaid.
A total of 10  records for sections 46-0603 -0604,46-0606 and 46-0607  are excluded
because of a very small number of measur nts per section (two or three). In addition,
core stations did not match for binder and surface layer for all cores except one. The
stations of most of the cores are within the section (not in the sampling area) and the
offset for all measurements is 21.95 m (72 ft).

e Section 55-0224  has only one layer thickness record available for each of the three
different layer types (DG , PATB,  and PCC). These layers were also excluded from
the analysis.
Ten records (six records for section 08-0506, two records for section 08-0505  and one
record for sections 48-A808  and 08-0508  are excluded because of zero values in the

These erroneous thickness values were reported to the F A. for further investigation.

Additionally,  data points that deviated by more than three standard deviations from the mean
were considered as potentially erroneous and were excluded from the analysis data set. Analysis

4 7



of sections with outliers  revealed that most of these sections ha one odier per section;  SOme
wo outliers, amd a few three or four  outliers. In all, 202 data points were excluded fro
r analysis. The su ary of outlier  analysis is presented in the table  22. A totd  of 51,13

records were used in the statistical analysis.

er of outliers summarized  by different layer types is presented in table  23.

Table 23. Distribution of the outliers by layer type.

er-of

DGAB 44 11208 0.41
DGATB 1 8 5250 0.34

~~PATB I 23 I 6738 0.34
LC 8 2458 I 0.33

0.41t PCC I 35 I 8636

The  highest percentage of the  sections with outliers is for A@  and KC  surface layers
~mbo~md  base, while the lowest rcentage is for IX base, PATES,  and DGATB.

Amal~sis of Layer Thickmess Variation

Elevation ~eas~~e~emts obtained after each layer construction were used ho conduct analysis of
layer va~ati~m ~eas~~~~~e~ess.  T&be  24 provides summary of the layer tbkk-kess  v~at~o~
reasonableness evaluation res~ks for aU SPS  sections.



Table 24. Summary of project-level layer thickness variability evaluation using elevation grid
data.

of Sections
ptable Layer
s Variations

DGATB

PATB

,

CP.Q-7 34

SPS-1 167 I

1vu 1~ SPS-6 1 3 6 I

For all material types except for KC  and LC the percentage of acceptable  data is very close to
or above 90  percent. For KC  and EC  material types this percentage is below 60.

To estimate typical values for layer thic ess variability indicators, layer thickness data for SPS
experimental sections were obt and TSTJ336  tables (core
thickness), and from SPS*-LA on thickness). The analyses
were done separately for the thickness data obtained from core meas nts and for the data
from elevation measurements. Table 25 summarizes layer thickness and standard
deviations by layer and material types obtained C C and AC layers from GPS  and SPS
sections based on the analysis of core thickness a. Table 26  summarizes layer thickness COV
and standard deviations by layer and material types obtained for the newly constructed SPS
sections based on analysis of elevation measurements. The COV  and standard deviation values

les 25 and 26 could be use as approximate estimates of the expected layer thickness
variability along the  project for a given material and layer type.
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ummary of layer thickness COV  and standard deviations based on core
measurements.

I i n I a x I Min Max I
cm St. dev., St. dev.,  St. dev.,

% 5% mm mm nml
I

AC Binder 396 10.10 0.78 83.19 7.46 0.87 110.28
I

I 1 I I
--^ DGATB 88 I 6.83 t 1.02 / 46.92 1 8.34 1.30 61.38 1
tiYY I AC Surface 506 9.76 1 0.70

SPS

I , 1 ,
10.21

1 1
0.69 64.28 5.34 1.14 45.58

AC Overlav 160 10.70 0.72 1 70.71 1 1 4.90 1 1.14 1 25.85

I AC Overlay

I GPS PCC PCC  Qverlav 336 24 1 1 2.36 2.92 1 1 0.55 0.40 1 1 10.92 13.10 1 1 5.44 6.22 1 1 1.04 1.04 1 1 31.14 20.74
I I

LC 34 4.62 1.12 23.38 7.37 1.80 38.80
SPS PCC 233 2.66 0.5 1 27.97 6.31 1.14 65.21

PCC Overlay 29 5.19 1.61 12.59 7.22 2.19 14.63

Table 26. ary of layer thickness C V and standard viations  based on SPS elevation
measurements.

For the newly constructed SPS layers (layers that were constructed uring the LTPP program and
were monitored by the LTPP team), both elevation and core thickness measurements are
available in the LTPP database. These two measurement methods employ different measuring
techniques. The objective of this section is to evaluate if the means and the variances derived
from these two methods are significantly different from each other at the project-level. Thus, the

based on evaluation of statistical indicators derived for each layer of each SPS
nliy newly constructed SPS layers were used in the analysis.



The nsrmahty  of distribution of elevation data was tested and it was concluded that for a
majority of sections an for all material types the distribution is normal. The detailed results are
presented in chapter 5. In this analysis it was assumed that core thickness measurements have
also normal distribution, because they represent different sort of the measurements for the same
kind of data.

The variances and means of layer thickness data were obtained for each newly constructed layer
from each SIPS  section from tws different data sources, elevation and core thickness
measurements, were compared to determine the level of agreement.

Two statistical procedures were utilized to perform the comparison of elevation and core
thickness measurements:

e The F-test for inference of variances. The F-test is
highly influenced by non-normality; therefore, a 99 percent confidence level was used.
The null hypothesis  is that variances of two populations are equal, i.e.:

0 : 4.w. = 4m versus alt : de”.  f dre I

Figure 14: Equation. The null and alternative hypotheses  for the F-test.

e of the Means-t-test (95 percent confidence level) for inference of means,
assuming equal or unequal variance, based on results of the F-test. The null hypothesis is
that means of two population are equal, i.e.:

Figure 15:  Equation. The null and alternative hypotheses for the t-test.

Analvsis  Data Set

Elevation data for bound as&ah  and concrete layers were available for 770 individual layers,
while  core data were available for only  616  layers. However, both elevation and core thickness
data were available for only 498 asphalt and concrete layers. For 118  layers, only core data were
avadable  and for 272 layers only elevation data were available. ~d~~ti~~a~~~~  for 15  layers only
one core measurement  per layer was available. Therefore, the  total number of asphalt and
concrete layers used in the analysis was 483. Table 27 presents the summary of data avail



Table 27. Summary of layers with both elevation and core data available.

n of the standard deviations corn uted frcm. core thickness
measurements versus all the layers.

d from the core
thickness data are lower than the the elevation measurements
in most cases. However, for stan tandard  deviations from the
core data are higher than the standard deviations computed from the elevation measurements for
a significant number of cases. For the majority of the elevation data, the standard deviation is
below 20  mm.

Overall, 321 layers (66.5 percent) had a standard deviation computed from the elevation
measurements higher than the standard deviation computed from the core measurements. Figure
16  indicates that, for a few sections, the variation of core thickness was very high as compared to
the elevation-determined thic ess. However, the differences between the standard deviations
were not statistically significant (99 percent confidence level) for a large majority of the sections.
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Figure 1 : Chart. Comparison of the standard deviation for core thickness and elevation
measurements.

vides  a c~rn~~s~n between the C V values computed from the elevation and core
sets; Over $0  percent of the COV values computed using each data set are below

18  percent. However, a small  percentage of sections show low COV computed from one data
source and high COV computed using the other data source, i.e. high CBVs  for elevation
measurements and low COVs  for core thickness measurements for the same section, or vice
versa.

l$gure  17:  Chart.  Comparison of the COV for core thickness and elevati,on measurements.



Comparison of the Variances

Table 28 presents the results of the comparison of variances. Sections were grouped by material
type, experiment number, target thickness, and subbase type. For more than 80  percent of the
sections, the differences between variances obtained from elevation an
measurements were not statistically significant (99 percent confidence
even higher for DGAT and LC  layers (about 90 percent).

The greatest differences of variance values were observed for
with PCC and SB layers, and the lowest differences were obs

Table 28. Comparison of variances (F-test, 99 percent confidence level) obtained from elevation
and core thickness measurements.

aterid
‘We

DGATB

PATB
LC

PCC

SB

SPS-6 l-$q--q-

Ndes:S  - “Strong” subbase (DGATB, LC).
W - “Wear’  subbase (DGAB, PAT%).
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The mean layer thicknesses computed frim elevations and those computed from core samples
were compared using the t-test at a 95 percent confidence level and assuming either equal or
unequal variances, based on the F-test results, presented in table 28. The results of the t-tests are
presented in table 29.

es&s of the comparison of means (t-test, 95 % confidence level) for elevation an

at&al

DGATB

LC
PATE!

PCC

Exp.

SPS-1
SPS-1
SIPS-1
SIPS-2
SPS-1
SPS-2
SPS-2
SPS-2
SPS-2
SPS-7
SW-7
SIPS-8
SPS-8
SPS- 1
SPS- 1
SPS-1
SPS-1
SPS-5
SPS-5
SPS-6
SPS-6
SPS-8
SW-8

core thickness measurements.

n?mx?  between
Elevation and Core Elevation and Core

20 11 ( 35.5 1

I
I. --.-

A 571 1

s 1 1 0 I 35.7 1 1 8 64.3 28
s 1 12 1 37.5 ] 20 62.5 32
s 1 9 ) 75.0 1 3 25.0 22
s I 2 I kL-7 I 1 17 1 3

”
““.I , I , J-J.2 )

w 1 3 1 ACI6-l I n I F-l, I

w ) 4 \ 57.1 1 3 1

Notes:  S - “Strong” subbase (DGATB  , LC) .
W -‘“Weak” subbase (DGAB,  PATB).

Based on the t-test results, the mean thicknesses computed  from the core measurements are not
ifferentfrsm those corn uted  from the elevation measurements at a 95 percent confidence level

for 227 (47  percent) of al11  layers analyzed. The opposite is true for the remaining 256 ‘nayers
analyzed (53  percent).

Figure 18 presents aggregated results of the statistical analysis of the differences between
elevation and  core tbichess  measurements. ore thaj~  $0  percent of the layers with



and EC had no significant difference between elevation and core thickness data. This percentage
for PATB, PC@,  and SB layers.

1 0 0 %

90%

60%

70%

60%

50%

40%

30%

20%

10%

0%

0GA-m LC P A T B PCC SB

Figure 18: Chart. Results of the statistical analysis of fferences between elevation and core
thickness rn~~~ern~nts.

In this chapter, the layer thickness variability indicators available in the ETPP database were
reviewed. A discussion about the limitations of e available data was provided. In addition,
new layer thickness variability indicators (mean, range, standard deviation, COV,  an
were developed based on the core thickness me~urements  and field elevation meas
(SPS only) from the most recent ILTPP  database upload (release 11.5 version 3.0, obtained on
June 8,2001).

Using layer thickness summary statistics, reasonableness of the layer thickness variability data
was evaluated. The purpose of the analysis was to compare layer thickness variation for each
section and each layer with the benchmark layer thickness variability values. The analysis
results indicated that over 88 percent of layers have layer thickness variability indicators below
the benchmark values.

Additionally, typical values and ranges of layer thickness variability indicators for different layer
and material types were computed. These typical values could serve as approximate estimates
of the expected layer thickness variability for the  project-level analysis and design.
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Excessive Variability in Layer Thickness

For the layer thickness data obtained from the core measurements, 257 layers (10.0 percent) from
the TST-ACOP-LAYER  table and 125 Payers (I 8.8 percent) from the TSTJT06  table
excessive variability in the layer thickness data even after outliers were removed.

For the layer thickness data obtained from the elevation measurements, 139 layers (14.1 percent)
tables had excessive variability in the layer thickness data even after

outliers were removed.

No remedial action was taken for the identified records. However, comment codes were
assigned in the analysis summary table to the records containing such data. To determine the
reasons for excessive variability, individual core samples should be reviewed.

Comnarissn of Layer Thickness Variability Indicators from Different Data Sources

Statistical comparisons were made between the layer thickness variances and means obtained
from the core an ess measurements. Only data for newly constructed SPS
sections were utili of the analysis are as foollows:

Vera&  321 layers  (66.5 percent) had a standard deviation computed from the elevation
asurements higher than the standard deviation computed from the core measurements.
wever, for 25 layers (5.2 percent) that had very high standard deviations (above 30

mm), the opposi trend was observed.
The differences tween the standard deviations were not statistically significant (99

r-cent  confidence level) for most of the sections.
er 80 percent of the COV  values computed using each ata set are below IO  percent.

A small percentage of sections show low COY  computed from one data source and high
V computed using the other data source. This observation applies to both elevation

and core thickness data sets.
For more than 80  percent of layers, the  variances between core and elevation
measurements at a 99 percent confidence level could be assumed “equal.” This

entage is even higher for DGAT and LC  layers (about 90 percent).
mean thicknesses computed fro the core measurements are not different from those

computed from the elevation measurements at a 95 percent confidence Bevel for 227 (47
ercent)  analysis GABS.  The opposite is true for the remaming  256 analysis cells (53

of the sections with DC&AT and LC had no significant
e Bevel) between elevation and core thickness data. This percentage
, KC,  and SB  layers.
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r contains the results sf an evaluation of within-section variation in layer thic
acteristics of within-section layer thickness variability are very important inputs in

reliability-based pavement engineering applications. This chapter contains the discussion of data
sources used for the analysis of within-section variation in layer thickness values, the
methodology used to assess characteristics of within-section layer thickness ~~st~b~ti~~,  testing
procedures used to evaluate goodness-of-fit between theoretical models and  observed layer
thickness data, and the results of the within-section layer thickness variability evaluation.

ata from the elevation measurements were used to evaluate the extent of within-section
variation in layer thicknesses. Elevation measurements for each pavement layer were taken

tion phase of the SPS experiments. These data
tables. Unlike other ETPP layer thic
S tables are stored not by the layer n

by layer and materi odes  an overview of which identifiers are

Table 30.  Pavement layer and material type identifiers available in the

AC surface friction course

! PC@  surface layer



Design Thickness

For a particular SPS experiment, several design thickness values were used as a target design
layer thickness. For a given SPS section, only one design thickness value was used along the
section length The design thicknesses for different layers were reviewed for each SPS
experiment. Table 3 1 provides an overview of the material and layer types used in different SPS
experiments, the design thicknesses, and the number of layers with the along-the-section
thickness measurements available in the LTPP database, Level E version released on June 29,
2001.

Descriptive Layer Thickness Statistics

Using layer thickness measurements along the section, an exploratory data analysis was
conducted, and descriptive statistical measures such as mean, standard deviation, kurtosis,
skewness, and number of thickness measurements per layer were co r each structural

ses) that had layer thickness informatio
SS tables. These descriptive statistics were then used to evaluate

characteristics of layer thickness ~st~buti~~  along the LTPP section.

The fo~~Qwi~g ription of the statistical variables provides back~onn information to
facilitate the understanding of the procedures used to evaluate w~thi~-pr~~~t  layer thickness
variability.

The mean is a property of the distribution that describes the location of the distribution. The
mean layer thickness is computed as the average of the individual  thicknesses obtained from
elevation measurements taken along the LTPP section.

The standard deviation is a property of the distri ution that describes the spread of the
distribution. The standard deviation is based on the second moment of the measurement
distribution.

The skewness is a property of the dist~b~ti~n  that is used to evaluate how skew the distribution
is. The skewness is for a symmetric distribution, positive if the distribution has a long tail to
the right, and negative if the distribution has a long tail to the left. The skewness is based on the
third moment of the measurement distribution.

The kurtosis is another property of the distribution that provides a mean to evaluate how heavy
(or light) the tails of the distribution are. For a normal distribution, the kurtosis is 0.  For a
distribution with long or fat tails, the kurtosis is positive. For a dist~buti~n  with short or slim
tails, relative to a normal distribution, the kurtosis is negative (but always > -3). The adjusted
fourth  moment of the measurement distribution is one way to measure the kurtosis of the
distribution.



idmesses  fm  different SPS  experiments sorted by layer and material type.

AC surface course

AC surface and binder course

PCC  surface layer

and Pgurlosis  are Ewe  main properties of a ~ist~buti~~  that together describe the
stribution,  while the mean describes the location and the standard deviation the

spread of the distribution. These statistical measures were used then to determine the extent to
which the variation of  layer thickness akmg the section follows noma  distribution.



Before the analysis of the within-section layer thickness variability, layer thickness data were
reviewed to identify any anomalous thickness measurements along the section. The purpose was
to identify outliers - the data points that appear not to belong with the rest of the data. Figure 19
shows an obvious example.

Outlie + Thickness along the section
- - Band at cut-off points

0
01 20 30 40 50 60 70 80 -100 110 120 430 140 150 160

Location along the section, m

Figure 19: Chart. Example of the binder course thickness measurements along SPS-6 Section
40-0608  with an apparent outlier.

Methodology to Identify  Butliers

ecause outliers can have a strong influence on both the skewness and ku sis calculated for a
data sample, the presence of a few outliers in a sample from a normal distribution may cause the
sample to fail a normality test. Therefore, it is important to determine whether the apparent non-
normality might be due to the presence of outliers. A data point was considered an outlier and
removed from the analysis if the following is true:

The absolute difference between an ind~v~d~~  layer thickness measurement and the mean
layer thickness, standardized  (divided by) by the stand on, is greater than the
99.995 percentile (0.001 percent level of significance, test) of the t-distribution
with  n-l degrees of freedom (df), where n is the nu oints in the sample.

The criterion is shown in equation format in figure 20.



ht3-e:

Xi

x
S

t0.00005 (n-l)

= individual layer thickness measurement along the section
= mean layer thickness
= standard deviation of layer thickness
= the 99.995 percentile of the t distribution with df=n-1, where
= number of Paver thickness measurements for the layer

Figure 20: uation. Outlier definition criterion.

The t-values at the 99.995 percentile correspond to a level of significance of 0.01 percent for the
two-sided t-test. The choice of a significance level of 0.01 percent is very conservative and was

on the fact that only  “true” outliers (i.e., those that clearly do not belong in the same
with the  other data points) should be excluded. If the distribution in reality is skewe
irable  to cut out values based on a higher significance Bevel, since the cut-off points

the (symmetric), normal distribution.

Note that the commonly use criterion (mean +/-  2 standard deviations) for identification of
outliers was not used in this udy. That criterion is based on a 5 percent significance level and

sumption that the distribution of the sample is normal. Because the standard deviation for
sections is not known but estimated, the assumption of normality leads to the use of the t-

distribution to create the 95 percent confidence interval. Based on the sample size, the t-
distribution will provide a different number that the standard deviation is multiplied by to
determine the cut-off points for outhers,  as the examples in table 32  show.

Table 32. ultipher  for the standard deviation used in the outher  criterion based on
t-distribution.

The following example using data from SPS-6  Section 40-0608  demonstrates the methodology
ationale  used to determine the tlier  points. The descriptive statistics for the binder course

r used in this example are d in table  33. A scatter plot of al1 the thickness
measurements is shown in figure B
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Table 33. escriptive  statistics for the binder course layer, SPS-6 section 40-0608.

The data point identified as “Outlier”  in figure 19 was evaluated to i ntify whether this point is
a true outlier. The layer thickness value for this point is 86 mm (3.4 in), w ile the mean value
for the sample is 151 mm (5.951 in). Using the criterion shown in figure 2 , for the left side of
the expression, we obtain the t-statistic value of 5.1. For the right side of the expression, the t-
value of 4.2 was obtained at the 99.995 percentile of the t dist~butio~  with 54 (df = 55-l)
degrees of freedom. Since the t-statistic of 5.1 is greater than the t-value of 4.2, this point was
found to be an outlier using a cut-off point based on the t-distribution at .a significance level of

.Ol  percent with az-ldegrees of freedom.

For the data in figure 19, have been as large as 97 mm
(3.8 in) and still would h set, it may be desirable to

‘nts even greater than 97 mm (3.8 in) because the data otherwise  do not appear
wever, in’the  data sets where some skewness is present, removal of the data points

stribution could bias the reliability of the ~st~bution  evaluation results.
The following example is used to demonstrate this concern.

Three different layer thickness frequency distributions are presented in figures 21,22,  and 23’.
The distribution in figure 21 shows an example of the clear outlier point on the left side of the
dist~bution.  Here the layer thickness value of the outlying point is ~20  mm, while layer
thicknesses for the rest of the points range from 82 to 142 mm. wever, for the figures 22 and
23, the question whether the leftmost point is an outlier, cannot answered with the same
degree ertainty. The leftmost point in the distribution provided in figure 22 is a questionable
outlier. re the layer thickness value of the outlying point is abou 5 percent of the average of
the layer thickness values of the other points. The leftmost p e distribution provided in
figure 23 may be a legitimate point of a skewed dist~but~on. layer thickness value of
the outlying point is about 80 percent of the average of the layer thickness values of the other
points. However, even at the very conservative level chosen, the outlying oint in figure 22 was
identified as an outlier while the outlying  point in figure 23 was not. This xample illustrates
why it was necessary to set the level fo an outlier very conservatively (in order
to not bias the analysis of distribution



le of the AC surface and binder layer thickness distribution with clear
outlier  detection for the SPS-1  Section 304122.

2 5

20

15

10

5

i
St. dev.: 5 rmn

Layer thickness, mm

Figure 22: Chart. ExampBe  of dense graded aggregate base Payer thickness d~st~~~t~o~  with
~~es~~o~a~~e  outlicr  detection for the  SITS-2  Section 20-0210.
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Example of the dense graded aggregate base layer thickness distribution
skewed to the left for the SPS-1 Section 2

This procedure for i tification of the outliers  was applied to each S structural layer with
data available in th S”-LAYERT SS  tables. In the w ta set of more than
55,000 data points nly 20  data points were excluded on; the list of these
excluded points is sented in table 34.  These individual layer thicknesses were analyzed using
special data distribution plots. The results show that these clams wlues are likely to be errors
in the database rather than actual thickness measurements. owever, the review of the actual
field data is required to confirm this conclusion. All anomalous or suspect data thickness values
were reported back to the LTPP administrators for data review and possible correction of the
thickness values in the LTPP layer thickness data tables.



Table 34. Identified suther points.

*lRmber  Standar t-

k- --_-.

55 5.09 4.20 1
55 6.69 ;

-- _---
193 297

Forruulation  of Statistical Hvusthesis

Goodness-of-fit tests are used to evaluate bow close the experimental data follow the assumed
theoretical d~st~b~t~~~.  If the targeted theoretical distribution is a “normal” distribution, then the

ess-of-fit test becotnes  the test for hormahty. Such a test evaluates the closeness of the
experimental data distribution to the normal  distribution.

In the goodness-of-fit test, the null and alte~at~ve  hypotheses are established first:

0 The null hypsthesis: “ easured field data ~QUQWS  a selected theoretical  d~st~butiQ~~
8 The alternative hypothesis: “ easured field data does not follow  the theoretical

~~St~b~tiQ~,  @.”

There are two kinds of errors that can be ma ~I-I  testing  the  hypothesis:

‘Q, Type II error: A true null hypothesis cm be incorrectly rejected.
8 Type HI  error: A fake null hypothesis can fail to be rejected.



In the test of a hypothesis, it is desirable to have a small type 1 error and large power. Power is
equal to 1 minus probability of a type error and is defined as the probability of rejecting the
null hypothesis when the alternative hypothesis is true. Testing whether a measured variable
follows  a certain theoretical distribution is not straightforward in the sense that the various tests
are only powerful against certain types of alternative distributions.

Selection of the Targeted Theoretical Distribution

ased on the assumption that thickness mea ments follow the same kind of distribution for
any layer, one type of distribution. was lo&e r. To determine the likely distribution shape, the
measures of skewness and kurtosis were evaluated. The skewness of all samples ranged from -
2.45 to +3.92 with a median of 0.024, while the kurtosis of all samples ranged from -1.56 to
+17.78  with a median of -0.033. These measures indicate no particular skewness to either side
or either particular long  or short tails. This observ on was confirmed by inspection of the layer
thickness frequency distributions of each sample. bile most of the reviewed layer thickness
distributions looked fairly normal, as shown in figure 24, some samples had distributions that
were skewed TV one side or the other side, or looked rather uniformly ~st~buted.  Examples of
different distribution shapes obs ved for the LTPP layer thickness measurements are provided
in figures 23 to 24. The normal stribution was therefore selected as the most likely theoretical

hty in the layer thickness along  the P section. This hypothesis

Mean: 298 mm
St. dev.: 8 mm

Figure 24: Chart. Example of the normal layer thickness distribution for PCC  surface layer,
SPS-2, Section IO-021  1.
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Figure 25: Chart. Example of the uniform layer thickness distribution for dense graded
aggregate base, SPS-1, Section 12~OlQ1.
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Sample  size: 55
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St. dev.: 11

Figure 26: Chati.  Examp%e  of the layer tkrickness  ~st~b~tio~  skewed to the right for PCC
sutiace layer, SPS-2, ectionl9-0213.

I

69



Selection of Testing Procedure

The goodness-of-fit test between assumed theoretical distribution an distribution of the
observed data could be done using several methods including:

a Chi-square test
Kolmogorov-Smirnov test

For the normal distribution more goodness-of-fit methods are available, including:

Shapiro-Wilk’s test
d Tests of kurtosis and skewness

To select the best applicable testing procedure, the LTPP layer thickness data characteristics
were analyzed first. ased on the data review the following was established:

Layer thickness es are measured at multiple locations along the LTPP section.
Most of layer th ess distributions look fairly normal.
There is a large number of same thickness measurements (many “ties”) in a section.
The number of points and locations are different from one section to another and
between different experiments.

The assunmtions  an requirements of different goodness-of-fit tests were reviewed from the
point of their applicability and the robustness of the procedure when it is applied to the LTPP
layer thickness data- The goal of this review was to find a procedure that could be uniformly
used for all the sections with variable number of data points without co mising the test
accuracy and without violating any of the underlying test assumptions.

For most theoretical distributions, the choice is limited to tests like the olmogorov-Smirnov test
or the chi-square goodness-of-fit test [32].  The advantage of the orov-Smirnov test is
that unlike the chi-square test it does not have strict rules on the requir number of data groups
and minimum theoretical frequencies that have to be satisfied in order for the test to be
meaningful. The Kolmogorov-Smirnov test could be done for the samples with as few as five
observations. The Imogorov-Smirnov test is also more powerful than the chi-square test.

If the null hypothesis is that the measured variable follows a normal distribution, there are more
powerful tests available, such as the Shapiro-Wiles  test [33],  the test of skewness or the third
sample moment test test of kurtosis or the fourth sample moment test 1341.  The latter
two tests work for a with nine observations or more. These tests are preferred to the
Kolmogorov-Smirnov test because of the increased power 1341  they provide. For a test to work
well, it should have high power against all possible alternatives, which is not true for either the
~o~mogorov-Smi~ov  test or the chi-square goodness-of-fit test. For the ETPP  layer thickness
data the Shapiro-Wi~k’s test was not appropriate, due to the many thickness measurement values
that were the same (many “ties” [34]) for a given pavement layer an LTPP  section.



The following table 35 rovides a sumaffy  of the pros and cons of the reviewed goodness-of-fit
testing methods.

Table 35. Evaluation summary of the goodness-of-fit testing methods.

ased  on the review of different goodness-of-fit tests’ procedures and analysis of the available
layer  t ess data, the following conclusions were derived:

Goodness-of-fit tests are generally only powerful against certain alternative distributions -
that is the reason why so many tests have been developed.
For testing distri ution  normality, no other tests are as well rounded as the Sharpiro-
or the Skewness’  and Kurtosis tests.
The Sharpiro-Wilk  test doesn’t handle ties well - which leaves the Skewness and Kurtosis
tests as the best alternative for evaluation of within-section layer distribution normality.

The combined skewness and kurtosis test was selected for the evaluation of layer thickness
distribution normality. Rejection in either skewness or kurtosis test was considered as a rejection
of normality altogether. For example, for a sample to be considered as normally distribute
analysis of data should pass both the skewness and the kurtosis tests for a selected level of
significance.

Selection of the Level of Significance

el of significance of 1 ercent was chosen for the goodness-of-fit tests. The following
rations were taken int account in selecting this desired level of significance:

@ IIn  the test of a hypothesis, it is desirable to have a small  type H  error and Barge power;
however, that  cannot h ously. A compromise is found by setting the level
of significance (or typ r 5 percent or 1 percent, or even less.

@ In many cases a 5 percent level  is reasonable. In these cases, when testing a null
thesis the researcher3 very frequently put forward a null hypothesis in the hope that
can discredit it.

Q In the ca3e of the  goodness-of-fit test, the null hypothesis is that the distribution of the
field data and the theoretical normal distribution are the same and the desire is not to
reject (or fail-to-reject) this hypothesis.

0 A rejection of a null hy~~tbe3is is a much stronger statement than a fail-to-reject
outc6ame.  A rejection of a null hypothesis says we are certam (at the s
s~g~~~~cance  level) that the null hypothesis is not true.



A failure-to-reject means either there was not enough evidence to indicate the
discrepancy or the discrepancy was really not there.

@ In lieu of the problems with power of the goodness-of-fit tests, it is better to be slightly
conservative and use a 1 percent significance level. The lower the significance level, the

e data must diverge from the null hypothesis to be significant.
0 For the goodness-of-fit test, in case of rejection, we are 99 percent certain that the

distribution is not normal.

rocedures for the Skewness and Kurtosis Test

he ETPP layer thickness data from the
S tables, a procedure based on the combination of skewness and

kurtosis tests was selected as the most appropriate for ascertaining whether the frequency
dist~butions  of layer thickness measurements taken along the LTPP section follow a normal
distribution. In this procedure, for a sample not to be rejected (as normally distributed), the layer
thickness measurements sample should pass both the skewness and the kurtosis tests for a
selected level of significance of 1 percent.

The procedure used for the combined skewness and kurtosis test is outlined in the flowchart in
eta&d  statistical formula used to compute test parameters are provided in Appendix
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Obtain corresponding values (of

Compute kurtosis (4)

1 Obtain kurtosis coefficient (gz)

22  statistic

Compute p-valuer~- p2  = 19G5+21)

Ha: skewness f 0 Ha: kurtosis f 0

Figure 27: Chart. Hilswchart of the kurtosis and skewness test procedures used for the test of
layer thickness distribution normality.

The skewness and kurtosis tests are based on evaluations of the third and fourth moments of the
measurement distribution. The distribution is not  rejected for being normally distributed if the

solute values of the z1- an z2-statistics  commuted separately based on skewness an
values are less than the Z-value of 2.57.

Z-value is obtained from the standard ncsrmal  distribution, assuming a 1 cent level of
significance. If a sample follows the standard normal distribution, the v 2=2.57 describes the
~~st~b~tio~  with 5 percent of the ah the values from the sample greater than 2.57 and 0.5
percent of the  values  smaller than -2.57. Thus, when Z is equal to 2.57 the level  of signkficance
is 1  percent.

The zl-  and zz-statistics  are used to obtain the p-values (the probability that. values  of the
arc! normal ~~s~~b~t~o~  are more extreme than the computed zl-  and zz-statistics).  The p-

-values are defined in figure 28, as follows.



Figure 28: Equation. Definition of p-values.

Based on the selected 1 ercent level of significance, if pl-  and p2-values  are larger than 1
percent or equivalently if ]zl] and ]zz]  5 2.57, we fail to reject that the data follow a normal
distribution.

Example of the Kurtosis and Skewness Tests

The following example provides the comparison of the kurtosis an ness test results
obtained for the same binder course layer in the SPS-6 Section 4 ncluding  and excluding
an obvious outlier thickness measurement (%-mm  [3.4-m]  outli ss for a sample with
151~mm  [5.951-in] mean thickness). Table 36 provides the summary of the test results.

Table 36. Kurtosis and skewness test results summary for binder course layer, SPS-6 Section
40-0608.

2.2
z- IS

value Nmmal?

When the outlier point was excluded, the mean does not change much while the standard
deviation becomes .7 times smaller, and the skewness (gl)  and the kurtosis (gz) change
considerably. For this example, the exclusion oft e outlying data point means that the tests for
normality change from reject to not reject.

Kurtosis and skewness tests of normality were used to evaluate whether the experimental layer
thickness data follow the theoretical normal distribution. A total of 1 7 layer  thickness
samples from the SPS experiments were considered for the analysis. ased on the number of
available observations per sample, 13 samples were excluded from the analysis. These samples
had fewer than 9 observations-the minimum number required for the kurtosis and skewness
tests. All the samples were tested assuming the same evaluation criterion at 1 percent level of
significance. The procedure for the kurtosis and skewness tests of normality described in the
previous section was utilized.

The results of the kurtosis and skewness tests for different pavement material and layer types
ased on the selected 1 percent level of significance, overall 84 percent of all layer

thickness frequency distributions were not rejected for being normally dist~b~ted.  This finding
indicates that in general it is reasonable to assume that the layer thickness measurements taken
along the section are normally distributed, but in a small number of sections this is not so. The
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~ist~~~~~~~  ~~~~~~ty  evaluations are summarized in table 37 by SPS  experiment number and by
layer and material type, respectively.

Table 37. Summary of the normality evaluation results.

Experiment 1 Number of Layers 1 Not Rejected (Normal) Rejected (Not Normd)
AC~SURFACE~COURSE

SPS-5 93 78 (83.9 %) 15 (16.1 %)
SPS-6 36 30 (83.3 %) 6 (16.7 %)

SURFACEJ.NDBINDER
SPS- 1 1 6 7 136 (81.4 %) 3 1 (18.6 %)
SPS-8 22 20 (90.9 %) 2 (9.1 %)

PCC-SURFACE
SPS-2 139 102 (73.4 %) 37 (26.6 %)
SPS-7 24 23 (95.8 %) 1 (4.2 %)
SPS-8 14 12 (85.7 %) 2 (14.3 %)

LEAN-CONCRETE
SIPS-2 I 48 I 40 (83.3 %) 8 (16.7 %)

DENSE-GRD-ASPH-TREAT-BASE
SPS-1 I 97 87 (89.7 %) 10 (10.3 %)

DENSE-GRADE-AGG-BASE
SPS- 1 97 84 (86.6 %) 13 (13.4 %)
SIPS-2 84 70 (83.3 %) 14 (15.5 %)
SW-8 38 30 (79.0 %) 8 (21.0 %)

BINDER-COURSE
SPS-5 33 30 (87.9 %) 3 (12.1 %)
SIPS-6 I 1 3 12 (92.3 %) 1 (7.7 %)

Figures 29 through 44 provide examples of layer thickness frequency distributions obtained from
the elevation measurements data for different layer  and material types evaluated in the gsodness-
of-fit study. The data used to create these  frequency distributisns  were determined to be
reasonably normal based on skewness and kurtosis  tests at selected  level of significance.
Theoretica  normal stributions  are superimposed over field frequency data to provide means for
vistial  comparison between field data and theoretical distributions.
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: Chart. Ei distribution of 1 thickness rne~~re~~e~~ along the section for
GAB layer for th PS-1  Section 3~-01.~$.

Layer thickness, mm

Figure 3 : Chart. Example distribution of layer thickness me ents along the section for
the  DGAB  layer for the SW-2  Section 4 .
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Layer thickness, mm

Figure 3 1: Chart., Example distribution of layer thickness measurements along the section for
thi DCAB layer for the SPS-8 Section 08-0811..

Layer thickness, mm

1

-

Figure 32: Chart. Example distribution of layer thickness measurements along the section for
layer for the SPS-1  Section 22-OTB&
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14 ,

12 M e a n : 153 mm
St. dev.: 11 mm

Layer thickness, mm

Figure 33: Chart. Example ~ist~but~o~  of layer thick~ess.meas~reme~ts  along the section for
the LC base layer for the SPS-2 Section 53-

Mean:  94 mtn
St. dev.: 8 mm

Layer thickness, mm

Figure 34: Chart. Example distribution of layer thickness measurements along the section for
layer for the SPS-I Section ZO-0112.





16 ,

14

12

Sample size: 55
Mean: 118 mm
St. dev.: 10 mm

~-. . . -* I
1 0 Held Ubservatlons

/ Expected Normal

Layer thickness, mm

Figure 35: Chart. Example distribution of layer  thickness measurements along the section for
the PATB layer for the SPS-2  Section 08-0224.

16 , I

I Sample size: 5.5
14 Mean: 290 mm

CZ3 Field Observations

St. dev.: 5 n-m

Layer thickness, mm

Figure 36: Chart. Example distribution of layer thickness measurements along the section for
the PCC  surface layer for the SPS-2 Section 08-0215.
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Sample size: L. Field Observations

Layer thickness, mm

Figure 37: Chart. Example distribution of layer thickness measurements along the section for
the $CC surface layer for the SIPS-8 Section 39-0809.

Sample size: 55

Layer thickness, trim

Chast.  Example dis&ribmtion of layer tkdmess measuremen
the ICC surface layer for tlhe  SPS-7  Section 19-07



St. dev.: 7 mm

2

0

Layer thickness ,  mm

Figure 39: Chart. Example dist~b~t~o~  of layer thickness me~~remen~  along the section for
the surface and binder layer for the SPS-1  Section 550118.

16 -,
I Sanlple size:  55

i
St. dev.: 15 mm

12

Layer thickness, mm

Figure 40: Chart. Example distribution of layer thickness measurements along the section for
tbe surface and binder layer for the SIPS-8  Section 48-0802.
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10

Figure  41: Chart. Example distribution of layer thickness measurements along the section for
the surface layer for the SPS-5 Section 35-0507.

Figure 42: Chart. Example istribution  of layer thickness measurements along the section for
the surface Bayer for the SPS-6 Section d-2-0603.

82



Layer thickness, mm

Figure 43: Chart. Example distribution of layer thickness ~e~~e~e~ts  along the section for
the AC binder course for the SPS-5 Section 24-0504.

T

Sample  s  i2x-x 50
Mean: 63 mm i

Field Observations

Layer thickness, mm

Figure 44: Chart. Example distribution of layer thickness measurements along the section for
the binder course for the SPS-6  Section 29-0607.



In addition to the kurtosis and skewness tests, Kolmogorov-Smirno s-of-fit tests were
carried sut for the layer with thickness data in the SPS*-LAYER-T
discussed earlier in the chapter, this testing procedure is not as powerful for testing normality as
the kurtosis and skewness tests. A summary of the Kolmogorov-Smirnov  goodness-of-fit testing
procedure and evaluation results are presented in the Appendix C.

In this chapter, layer thickness data from the SPS elevation measurements were analyze
determine the extent to which the  variation of layer thickness within a section follows typic
statistical distributions. Data from the SPS*-LAYER-THICKNESS  tables were obtain
reviewed. The layers used in the analysis include different material types and functional
classifications, such as AC surface courses, combined AC surface and binder courses, AC binder

s, DGAB’s,  ATB’s,  LC bases, PCC surface layers, and PCC overlay layers. A
logy for identifying anomalous outlier points based on t-distributi

uation of layer thickness data for each layer in the SPS*-LA
tified anomalous outlier data points were analyzed and reporte

To assess layer thickness distribution characteristics, descriptive statistics such as mean, Stan
deviation, skewness, and kurtosis were computed for each section. Using descriptive statistics,
the analysis of likely shapes of layer thickness  distribution was conducted. The results of
exploratory analysis indicated that, for most of the sections, the distribution is likely to be
normal.  To perform a more rigorous test of distribution normality, available procedures for
goodness-of-fit tests were reviewed and their applicability to the evaluation of layer thickness
data was evaluated. ased on the literature review, a combined test for skewness and kurtosis
was selected to test normality of layer thickness distribution. A summary of the testing
procedure was documented in this chapter. The analysis results for 1,034 SPS layers indicated
that for 84 percent of all layer, frequency distributions of thickness values were not rejected for
being normally distributed. Thus, LTPP data indicate that layer thickness variation wi
section follows a n~rmd  distribution in most cases. These results would serve as a very
important input to pavement engineering applications involving design reliability
implementation.
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The main purpose of this chapter is to characterize the extent of differences in the layer thickness
data between as-designed and as-constructed (measured) thicknesses for the newly constructed
SPS layers. Only these new SPS layers have design thicknesses accurately documented.

ata  sources for the analysis are discussed first, followed by an overview of as-designed
thicknesses for the newly constructed SPS layers. After that, typical thickness deviations from
the target thicknesses are summarized, as well as their distribution types. Finally, the results of
the statistical analysis are presented.

Two thickness  data sources with multiple measurements on a given layer exist in the LTPP
database:

. . 0 Elevation me~u~ments in SP SS tables for experiments SPS-1,
SPS-2, SPS$  SPSG,  SPS-7,

m Pavement core measurements in testing tables TST.ACOl-LA and TST-PC06

According to the S S construction sidelines  [X5-40],  rod and level survey measurements are to
be taken at a mini m of five offset locations (edge, outer wheel path, midlane,  inner wheel

edge of lane) at longitudinal intervals no greater than 15 m (50 ft). Typically, 55
elevation measurements are available for each regular SPS test section.

The number of cores taken at each section depends on experiment and layer type and is defined
in the corresponding Sampling and Testing Guide [6-l I]. The number of cores per section
ranges between 1 an

All sections with available thickness ata in either one of these tables are studied to quantify as-
designed versus as-constructed variations in layer thickness.

For the section/layer combination, an analysis cell is defined to represent a specific layer in a test
section for which the target thickness was documented. The following fields from TST-LOS

W-SECTION  table in LTPP database along with the design target layer
e a unique analysis cell:

(Experiment number) s

erial type description)
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For newly  constructed S S layers, the design thicknesses are defined in the corresponding SPS
Experimental Designs [K&17].  The design thicknesses are available for the following Bayer
types:

B SB - AC surface and binder thickness (SPS-1, SPS-5, SPS-6, SPS-8).
0 ense-graded asphalt-treated base (SPS- 1).
e - Permeable asphalt-treated base (SPS 1,  SPS-2).
0 PCC  - Portland cement concrete (SPS-2, SPS-7, SPS-8).
* LC - Lean concrete (SPS-2).
e ense-graded aggregate base (SPS-1, SPS-2, SPS-8).

The design thicknesses for all these SPS experiments and layer types are presented in tables 38
through 43.

Table 38. Design layer thicknesses for the SPS-1 experiment.

0106 102 (4)
0107 I 102 (4)
0108 203 isj
0109 305 (12)
0110
0111
0112
0113 203 (8)
0114 305 (12)
0115
0114
0117 102 (4)
0118 102 (4)
0119 I 102 (4)

esign Layer Thickness,

1 7 8 (7)
102 (4)

203 (8) 102 (4)
305 (12) 178 (7)
102 (4) 102 (4)
203 (8) I 178 (7)

102 (4) 102 (4)
102 (4) 1 7 8 (7)
102 (4) 178 (7)
102 (4) 102 (4) 178 (7)
102 (4) 283 (8) 102 (4)
102 (4) 305 (12) 102 (4)

I I 102 (4)
1 7 8 (7)

203 (8) 1 7 8 (7)
305 (12) 102 (4)
102 (4) 178 (7)

I 203 ii) I 102 (4)
102 (4) 178 (7)
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0201
0202
0203
0204
0205
Q206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
0221
0222
0223
0224

152 (6)
152 (6)
152 (6)
152 (6)

Table 39. Design layer thicknesses for the 33-2  experiment.

esign Layer Thic

152 (6)
152 (6)
152 (6)
152 (6)

203 (8)
203 (8)

279 (11)
279 (11)
203 (8)
203 (8)

279 (11)
279 (11)
203 (8)
203 (8)

279 (11)
279 (11)
203 (8)
203 (8)

279 (11)
279 (11)
203 (8)
203 (8)

279 (11)
279 (11)
203 (8)
203 (8)

279 (11)
279 (11)

Table 40.  Design layer thicknesses for the SPS-5 experiment.
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Table 41. esign layer thicknesses for the SPS-6 experiment.

0601
0602
0603
0604
0605
0606
0607
0608

0
102(4)
102(4)

0
102(4)
102 (4)

SBSB
00
0

102(4)
102(4)

0
102(4)
102 (4)
203 (8)203 (Sj

Table 42. Design layer thicknesses for the SPS-7 experiment.

0702 76 (3)
0703 76 (3)
0704 76 (3)
0705 76 (3)
0706 127 (5)
0707 127(5)
0708 127  (5)
0709 127(5)

Table 43. Design layer thicknesses for the SPS-8 experiment.

i

0811
I

W(6)
0812 152(6) I

203 (8)
219 (11) I
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For both the elevation and core as-constructed thickness measurements, typical mean layer
thickness deviations are established by the following:

d escriptive summary statistics of the average thicknesses deviations between as-designed
as-constructed values for the layers with the same layer material type and same

design thickness.
c) Kurtosis and skewness tests of the distribution of the mean thicknesses for the layers with

the same layer material type and the same design thickness.

Two types of comparisons are made in relation to their as-designed thicknesses or target values:

e Evaluation of the percent of the individual measurements that are either within or outside
specific values from the target thickness.

.a Statistical analysis of the measured mean thickness values versus the designed values.

ss difference between as-designed and as-constructed thicknesses was
ayer using both core and elevation thickness measurements.

The following statistical indicators were compute

Total number of sections or layers.
Mean thickness deviation.
Nlinimum  thickness deviation.

aximum thickness deviation.
Standard deviation of thickness deviation.
CQV  of thickness deviation.

The analyses were one separately for the thickness data obtained from core measurements and
for the data from elevation measurements.

Layer Thickness Deviation Distribution TvQe

ean thickness deviations from layers or sections were analyzed to determine tihether  they
follow typical statistical distributions. Skewness and kurtosis analyses were conducted for this
purpose, using the methodology outlined in chapter 5.

Percentage Distribution of the Individual Measurements

To evaluate the variation between as-designed and as-constructed thicknesses, deviations of the
individual measurements in relation to the target values are computed for each analysis cell.
These deviations are then summarized into three deviation levels: 6.35 mm (0.25 in), 12.7 mm
(0.5 in), and 25.4 mm (1 in), for different material types and target thickness values.
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This evaluation provi s information regarding variations between as-constructed and as-
designed thicknesses at individual measurement level.

Statistical Analysis of Sample Measurement Means

Statistical analysis is performed to evaluate variations for each analysis cell. The goal of
statistical analysis is to assess deviation of the measurement population means from the target
thicknesses. Two types of the thickness  comparison are performed for both data sources:

e Two-sided t-tests with 95 percent confidence level for each section and layer, to
etermine whether the differences between as-designed and as-constructed thicknesses

are significant.

The null hypothesis for this test is that average of core or elevation thickness data is equal
to the target thickness, i.e.:

0 ’ &lev.average  - t design  = ’  verSuS  %h : !-b.v.average  - t&sign  # Q lFor  e1evation data  Or

o : ,&,,,p,  - tkSi,  = 0 versus H,  : pcoreaverage  - tdesign f 0 for core thickness data.

Figure $5: Equation. The null and alternative hypotheses for two-sided t-test.

If the null hypothesis is rejected (i.e., the result of the two-sided t-test is significant), then
the measured mean thickness is different from the design thickness at the 95 percent
confidence level. n the other hand, if the null hypothesis is not rejected or the test result
is not significant, then there is no evidence that the measured mean thickness is different
from the design value.

o One-sided t-tests with dence Bevel for the difference between
thickness and the mean as-construct thickness and for tolerance level of 6.35
in),  12.7  mm (0.5 in), amd 25.4 mm (1 in). The null hypothesis is that the absolute value
of the difference between the mean and target thickness is less than or equal to the
tolerance level  with the alternative hypothesis being that the absolute value of the

fference is greater than the tolerance Bevel. For example, for elevation data, for
allowance of 6.35 mm (0.25 in), the null and alternative hypotheses are:

If, : \P elev.average - tdesign\  5 6.35mmversus alt 1 I Pele”.average - tdeaip\  > 6.35mm

Figure 44: ~~~at~Q~~  The null and alternative hypothesis for one-sided t-test.

If the null hypothesis is rejected (Le., the result the one-sided t-test is significant), then
the measured mean thickness deviates from the design thickness by more than  the
specified allowance (in this  example 6.35 mm) at a 95 percent confidence Bevel. On the
other hand, if the null hypothesis is not rejected or the test result is not significant, then



there is no evidence that the measured mean thickness deviates from the designed value
by more than the specified allowance value, in other words, that the mean thickness is
within the allowance value (in this case 6.35 mm) from the designed thickness.

can

ean layer thickness data for SPS  experimental sections with newly constructed layers were
and TST-PC06  tables (core thickness), and from the
evation thickness), to compute measured thickness

deviation from the design value. The analysis was done for the sets of data grouped by target
design thickness, material, and layer type. The following statistical indicators were computed:

= Total number of sections or layers
Mean thickness deviation

e Minimum thickness deviation
0

0 COVof  t h i

The analyses were done separately for the thickness data obtained from core measurements and
for the data from elevation measurements. Table summ~zes layer thickness deviations by
different layer and material types based on analys f elevation measure
summarizes mean core examination layer thickness deviations from their designed values by
different layer and material types.

Figures 47 through 61 present the frequency distributions of the thic ess deviations for different
layer types and target thicknesses for both core and elevation thickness measurements.

The following observations are made based on these summary statistics:

The computed description statistics . g elevation measurement data are different from
those using core examination data. wever, based on statistical analyses, the
differences in the mean layer thicknesses and standard deviations at the section or layer
level are not significant for a majority of the layers.

@ The mean constructed layer thicknesses for PCC layers and lean concrete base layers are
generally above the designed values.
For the same layer and material type, the mean constructed layer thicknesses tend to be
above the signed value for the thinner layers, and below the design value for the thicker
layers.
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These summary statistics for the differences between as-designed and mean as-constructed layer
thicknesses can be used as benchmarks for use in pavement design reliability and other research
studies.
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Figure 47: Chart. The Frequency distribution of mean thickness deviations for all four target
thicknesses of the DGAB  layer.
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Figure 48: Chart. Frequency distribution of elevation and core thickness measurements
deviations for DGATB  with BW-mm (4-h) target thickness.

Elevation Core .Data

Deviation From Target Thickness (203 mm), mm

: Chart. Frequency distri
deviations for DCAT

60re  thickness measurements
a-get thickness.



Elevation Core Data

Figure 50: Chart. Frequency distribution of elevation and core thickness measurements
deviations for DG 305-mm  (12-in)  target thie
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Figure 51: Chart. Frequency distribution of elevation and core thickness measurements
deviations for LC with 152~mm  (&in)  target thickness.



Deviation From Target Thickness (102  mm), mm

Figure 52: Chart. Frequency distribution of elevation and core thickness measurements
deviations for PATE3 with lQ%mm  (4-in) target thickness.
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Figure 53: C&art.  Frequency distribution of elevation and core thickness measurements
deviations for PCC  with 76mm (?-in)  target thickness.
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Figure  56: Chart. Frequency distribution of elevation and core thickness measurements
deviations for PCC  with 279~mm  (1 l-in) target thickness.
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Figure 60: @hart.  Frequency distribution of elevation and core thickness measurements
deviations for SB  with 178~mm  (7-k)  target thickness.
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ean thickness deviations from layers or sections were analyzed to determine whether they
follow typical statistical distributions. Skewness and kurtosis analyses were conducted for this
purpose. The statistical test results are presented in table 46 for both the elevation and core mean
layer thicknesses. Examples of the thickness deviation distributions are shown in figures 62 and
63.

Table 46. Distribution of the mean thickness deviations from the design thickness based on
kurtosis and skewness tests.

and skewed left

As shown in table 46, there are some discrepancies between the d~st~bution types drawn from
elevation data and core data. For the layers with both elevation and core data, the distribution of
the thickness deviation derived from the core data is normal for more layer type and design
thicknesses than from the elevation data.

The conclusions drawn from both the descriptive statistics and the kurtosis andskewness tests of
their distribution types will be useful for pavement designers and researchers. They will be
especially useful in reliability based mechanistic-empirical pavement performance analysis and

esign.
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Analysis of the Percentage Distribution

The overall percentage distribution of elevation measurements as a function of the three
tolerance levels is presented in table 47.

Table 47. Percentage distribution summary of the elevation thickness measurements.

Layer
Thickness,

t
Measurements Measurements Measurements Measurements Measurements Measurements

t<TV’ - Diff 15557 30.30 8481 16.52 3656 7.12

t within
TV It Diff

17788 34.65 32542 63.38 44324 86.33

The distribution of measurements by layer type for tolerance levels of 6.35 mm (0.25 in), 12.7
mm (0.5 in), and 25.4 mm (I in) are presented in tables 48,459, and 50,  respectively.



Table 48. Percentage chtributisn  sf individual  elevation measurements by layer type and design
thickness for a tolerance level of 6.35 mm (0.25 in).

PCC 1271 51 2.2 1 18.5 ( 365 1 79.3
203 1 8 1 706 1 18.5 1 1296 1 33.9 1 1821 1 47.6

713 1721 I 44.2 118.3 1 1460 1 37.5 3894
27.3 1 810 ( 33.8 932 1 38.9 2397

32.6 2359 I 11.5 6748
617 25.8 2395

42.9 1 1589 30.9 1545 1 L0.L 1 5135
39.7 1 115 30.3 114 j 30.0 1 380
38.3

SE.3

8
1 17788  1 34.6 1 17996 1 35.1  1 51341  1

Table 49. Percentage distribution of individual elevation measurements by layer  type and design
thi

e / mm / in (
Number of Percent of

(
Number of Percent of Number of

Measurem. Measurem. ( /Measurem. Measurem. Measurem.

1357 1 20.1 6748 \



Table 50.  Percentage distribution of individual elevation measurements by layer type and design
thickness for a tolerance level of 25.4 mm (1 in).

Layer
Type

DGAB

DGATB

LC
PATB

WC

I Target I em Thickness I Mea1
. ean Thickness

The graphical presentations of percentage distributions of elevation measurements are shown in
figures 64,6§,  and 66 for different tolerance levels.

The following conclusions may be drawn based on the percentage distributions of the elevation
measurements:

@ Overall, about 35 percent of the measurements are within f 6.35 mm (0.25 in) of the
target value, with about 30 percent lower than the target value and about 35 percent
higher than the target value by more than 6.35 mm (0.25 in).
Thickness measurements for asphalt concrete surface and binder layers and thin bonded
PCC layers  consistently show the highest deviations from the target values.
The percentage of thickness measurements that is greater than the
PCC and lean concrete base layers is significantly higher than the
measurements that are lower than the target value. Only 2 percent of thickness
meas ments are lower and almost 80  percent are higher than the target value by more
than 5 mm (0.25 in) for thin PC@  bonded layers (76-mm-  [3-m-]  and 127-mm-  [5-in-]
thick).

‘, Thickness measurements for PATB are more evenly distributed around the target value
than the thickness measurements for other layer types.
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Figure 64: Chart. Percentage distribution of the elevation measurements for a tolerance level of
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Statistical Analysis of the Elevation Measurements

Two-sided t-test

After removing the outlying data points (as discussed in chapter 4),  t-tests are performed to
evaluate whether the mean constructed thicknesses are close to the designed thicknesses. Many
of these tests are highly significant, meaning that the mean constructed thickness is significantly
different from the signed thickness.

The following notes apply to tables 51 to 56 and tables 61 to 66:

* “Number of layers” is used to summarize number of layers (which can be different layer
types and belong to the same or different sections) falling into certain tolerance range.
This is normally an overall summary.

* “Number of sections” is used to summarize number of sections with the specified layer
type and design thickness falling into certain tolerance range. This is used for
summarizing results by layer type and design thickness.

ults  of two-sided t-test with 95
two-sided t-tests by layer mate

ce are presented in table 5 1.  The results of
t thickness are given in table 52.

Table 5 1. Summary of the results of the two-sided t-tests (95 percent confidence level) using
elevation me~uremen~  .

I ~~~~~~ of Layers I escentage of Layers I

The following observations are based on the results of the two-si ed t-test for the elevation
measurements:

s Overall, only about 20 percent of the layers had mean constructed thicknesses’not
significantly different from their target thicknesses.

e All 24 sections with 76-mm  (3-in) or 123-mm (5-in) target thicknesses for bonded
overlays are constructed significantly thicker.

C B For only 4 to 15  percent of the sections with SB layers and target thicknesses between 51
mm (2 in) and 178 mm (7 in), the as-constructed mean thickness is not significantly
different from the as-designed thickness.

e The lowest deviations from as-designed thickness are observed for DGAB  layers, for
which more than 30 percent of sections have as-constructed mean thickness not
signaficantly  different from the target value.





esults of the two-sided t-test for different material types (95 percent confidence

DGATB

LC
PATB

--.- r

1 27.5 40
I AA” I ‘)-I

Lb- 203 8 20 24.3 11 1 14.5 I 45 1 593 I 76
279 11 1 6 20.8 2 1 I 3 7 1I, .L I An.” I, 51.9 7;

51 2 1 9 41.3 4 8.7 23 I 50.0 46

One-sided t-test

Three one-sided t-tests with a confidence level of 95 percent were performed to evaluate whether
the absolute differences between as-constructed and as-designed thicknesses are greater than
6.35 mm (0.25 in), 12.7 mm (0.5 in), and 25.4 mm (1 in), respectively. The results of the overall
analysis of all data points for all layers are presented in table 53.

The resuhs  of the analysis by layer material type for different tolerance levels are presented in
tables 54 to 56.

Table 53. Summary of the results of one-sided t-tests using elevation measurements.

lower than TV



Table 54. esuks  of one-sided t-test for tolerance level of 6.35  mm (0.25  in) by layer type and

I .
S B

esirm thickness using  elevation measurements.

Target
Thickness <TV-6.35 mm (0.25 in)

Mean Thic
Withill

TVdz6.35  mm (0.2:

ckness
I n Mean Thickness

5 in) >TV+6.3§  mm (0.25 in)

It of Number of I Percent of1 Number of 1 Percent of 1 Number of 1 PerceI:

203 1 8 1 5 1 12.5

30s  I 12 I 8 1 28.6 12 42.9 8 28.6- --

152 6 3 6.3 28 58.3 17 35.4
102 4 21 16.3 81 62.8 27 28.9
76 n n.n 2 16.7 10 83.3

-.- I I ----
203 1 8 1 -i } 28.6 4 1 57.1 I 1 1 14.3

I I 181 1 18.3 562 1 56.8 1 246 1 24.9

Number of
Sections

84
55
40
40
27
42
28
48

129
12
12

Table 55. es&s  of one-sided t-tests for tolerance level of 12.7  mm (0.5  in) by layer type and
design thickness using elevation measurements.

3GATB

Mean Thickness
Within Mean Thickness

TV + 12.7 mm (0.5 in)
>TV+I2.7  mm (0.5  h)

Number of 1 Percent of Number of Percent of Sections
Sect ions Sect ions Sect ions Sect ions I

73 86.9 6 7.1 8;r--l
47 85.5 2 3.6 55 I
33 82.5
7q QA  n



Table 56. Results of one-sided t-test for tolerance level of 25.4 mm (1 in) by layer type and
design thickness using elevation measurements.

I Thickness
~it~~~

Mean Thickness
>TV+Z. (lin)

Total
I I i v  A  A.4 mm (1 in) Number of

of 1 Number of 1Percent of Number of 1 Percent of Sections

““lw

/ 203 ) 0 ( 0.0 ) 39 1 97.5 I 1 2.5 I 40
13051 12) 2 [ 5.0 1 38 / 95.0 1 0 0.0 1 40
11021 41 0 I 0.0 I 27 1 100.0 0 ] 0.0 1 27

1527--i3  1j 0 0.0 1 46 1 95.8 2 4.2 48

I
- - - 0 I 0.0 I 10 I 83.3 2 1 16.7 12

17 1 17.9 1 76 1 80.0 2 f 2.1 95

The results of the one-sided t-tests for the elevation measurements are shown in figures 67,68,
and 69 for the three different tolerance levels.

The following observations are drawn based on the results of the one-sided t-test for the
elevation measurements:

The A@  surface and binder layers have the greatest number of sections with the mean
constructed thic ess tested to deviate more than their target values plus or minus all
three tolerance levels (6.35 mm E0.25  in], 12.7 mm [OS in], and 25.4 mm [I in]).
For most sections (about 70 percent), the mean constructed thicknesses for the dense-
graded aggregate base layers are within ?I .35  mm (0.25 in) of their target thickness
values.

e For portland  cement concrete slabs and lean concrete bases, a much higher percent of
sections had mean thicknesses greater than the target values plus tolerance levels than the
ones below the target values. For thin bonded KC  overlays (7 mm- [3-in-] and 127-
mm- [S-in-]  thick) there are no sections with an as-constructed ickness  significantly
lower than the target value for all three tolerance levels.

.  . For all  layer material types, except AC surface and binder layers an thin bonded PCC
slabs, more than 90 percent. of sections have mean layer thicknesses tested within 125.4
mm (1 in) from their target values.
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Analvsis  of the Percentage Distribution

The percentage distribution of core data as a function of different tolerance levels is presented in
table 57.

Table 57. Summary of the percentage distribution of the individual. core thickness measurements
versus the design thickness.

Measured
Layer

Thickness
t

t<
TV’ - Diff
t within
TV + Diff

Diff = 6.35 mm (0.25 im) I I
iff  = 25.4 mm (1.0 in)

1117 34.46 2026
f

Percent of Number of Percent of
Measurements Measurements Measurements

11.35 I 179 I 5.52

62.51
I

2720 I 83.92

Notes: ‘Target value

The distributions of measurements by layer type for tolerance levels of 6.35 mm (0.25 in), 12.7
mm (0.5 in), and 25.4 mm (1 in) are presented in tables 58, 5 for different  layer  types
and target thickness values.

Table 58. Percentage distribution of core thi
thickness for a tolerance

ents by layer type and design
(0.25 in).

I I ?OS  I 17.  I 36 I 40.4 I 20 I 22.5 I 33 1 171 I

. I . . --_
I - - t

_ - . I I
178 I 7 I 134 I 30.5 1 180 I 41.0 I 125 \ 28.5 1 439 1



Table  59.  Percentage distribution of core thickness measurements by layer type and design
ess for a tolerance level of 12.7 mm (

I I
--^--

I -_ ^_ / n 0-I I no I
11031  dl 8 I x.7 I .I6  I 812.6  I b. I

IVY

n-GATE3 2 0 3 8 I.1 12;
305 1 2 2 8 31.5 4 0 1 44.9 2 1 23.6 8 9

rLC 152 6 1 5 8.2 105 1 57.7 6 2 34.1 182
PATR 111171 dl 69 I 4X.6 I _^63 II 44.4 1 0 7.0 142-.x*u  LYI -_ .-.-

7 6 3 0 0.0 2 5 1 34.2 1 4 8 1 6t
127 5 8 5.0

Table 60. Percentage distribution of core thickness measurements by layer type and design
thickness for a tolerance level of 25.4 nxn (1 in).

B P 3



The graphical presentation of the percentage distributions of core thickness measurements is
shown in figures 7 71, and 72 for the three different tolerance levels.

The following are observed based on the percentage distributions of the individual core thickness
measurements:

0 Overall, less than 35 percent of core measurements are within Ifi 6.35 mm of the design
thickness value. For some material types and target thickness values, such as thin BCC
layers (76 mm [3 in] or 123 mm [5 in] thick) and 203-mm-  (8-m) thick SB layers, this
percentage is below 2

. For LG and PCC  layers, a much larger percentage of cores have thicknesses higher than
designed. For PATB, the situation is just the opposite.

e F o r  DGAT
thicknesses belo\;

and ICC  layers, the percentage of sections with as-constructed
the target value increases with target thickness. For PGC  layers, the

percentage of sections with as-constructed thickness above the target value decreases
with increasing target thickness.
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Figure 70: Chart. Percentage distribution of core measurements by layer type and design
thickness for a tolerance level of 6.35 mm (0.25 in).
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Figure  71: Chart. Percentage distribution of core measurements by layer type and desi
thickness for a tolerance level of 12.7 mm (0.5 &-I).-
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Figure 72: Chart. Percentage distribution of core measurements by layer type and design
thickness for a tolerance level of 25.4 mm (I in). -
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Statistical Analvsis  of the Core Data

Two-sided t-test

The results of the two-sided t-tests with 9.5 percent confidence are presented in table 6 1. The
distribution of differences by different surface type and target thickness is presented in table 62.

1.  Summary of the results of the two-sided t-test (95 percent confidence level) using core
thickness data.

Table 62.  Distribution of differences by layer type and design thickness (two-sided t-test, 95
percent confidence level) using core thickness data.

The foIlowing  are observed based on the results of the two-sided t-test for the core thickness
measurements:

@ verdQa,  the  mean constructed thickness for more than 45 percent of layers is not
s~g~~f~ca~t~y  different from the target thickness. The percentage is highest for DGAT
and Peswest for PCC  and LC.

has the highest number of sections (41  percent) with mean constructed
ses not different from the target values. For almost 80  percent of the sections



.

B and 10%mm  (4-in) target thickness, the constructed thickness is not
significantly different from the designed thickness.

e PCC and EC layers have the fewest number of layers (between 34 and 37 percent) with
mean con.structed thicknesses not significantly different from the target values. For thin
PCC slabs, this percentage is 20  or below.

ne-sided t-test

Three one-sided t-tests (95 percent confidence level) were performed to check whether the
difference between as-constructed and as-designed thickness is lower than 6.35 mm (0.25 in),
12.7 mm (0.5 in), and 25.4 mm (1 in), respectively. The results of the overall analysis of all data
points for all layers are summarized in table 63.

The results of the analysis by layer type for different tolerance levels are presented in tables 64
through 66.

Table 63. Summary of the results of the one-sided t-tests using core thickness data.
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Table 64.  Results of the one-sided t-test (95 percent confidence level) by layer type and design
thickness for tolerance level of 4.35 mm (0.25 in) using core thickness data.

s Mean Thickness
>TV+6.35  mm (0.25 in) of

sections

PCC

SB

Total

Mean Thickness

Table 65. Results of the one-sided t-test (95 percent confi’alience  level) by layer type and desip
thickness for tolerance level of 12.7 mm (0.5 in) using core examination data.

Target em Thickness
ean Thi ckmss

t- Mean Ttickness
Thickness <

I
12.7 mm (0.5 in) ithI

mx, ‘ IA” .~~~.  Ifi  r1 1v rn~.Imm(w.3in)
>TV+12.7  mm (0.5 in)

- - :... 1Number of 1Percent of 1Number o f 1 Percent o f Number of 1Percent of S~C~iQ~

1 Sections / Sections I Sections I Sections 1 Sections ( Sections  II _^ *n
203 1 8 1 0 1 0.0 ) c‘
3051 121 2 I 10.5 I 14 I 73.7 I

1021 41 0 I 0.0 I 18 1 94.7 1 1 3.3 1!7 87.1 1 4 12.9 1 4;
? 15.11 I 19-  -- I I i I

--r---J;1152 6 0 77.1 ;I  1 22.9 1 35
rn9I  41a..?- I 1n  I 39..1  I 20 1 64.5 1 1 ( 3.2 1 31- - --.-
761  ?I n I nn 4 1 6 I 40.0  I 10



Table 66. Results of the one-sided t-test (95 percent confidence level) by layer type and design
thickness for tolerance level of 25.4 mm (1 in) using core examination data.

- -hidmess
Layer <&Z.i

em Thickness

mm (1 in) given
TV f 25.4 mm (1  in)

m (1 in) TOM
-Type

mm in Number of Percent of Number of Percent of Number of Percent of Sections
Sect ions Sect ions Sect ions Sect ions Sect ions Sect ions

102 4 0 0.0 19 100.0 0 0.0 19
DGATB  203 8

1 305 1 12 1 1 I 5.3 1 18 1 94.7 1 0 / 0.0 19
IX 11521 61 0 I 0.0 I 34 I 97.1 I 1 I 2.9 35I---I -1 I

PATR I1021 41 7 I 22.6 I 23 i 74.2 1 1 I

211 3 I 2.7 j 93.6 1 4 1 3.6 1 110

II am I i I 1 I 16.7 1 5 I 83.3 I 0 I

The graphical presentations of one sided t-test results of core thickness measurements are shown
in figures 73,74,  and 75 for the three different tolerance levels.

The following conclusions may be drawn based on results of the t-test for the core thickness
measurements:

The PCC layers have the highest percentage of sections with mean measured thicknesses
above their target thicknesses for all three tolerance levels. This percentage decreases
with the increased PCC target thickness. For thin bonded s (76-m-  [3-h] or
123-m- [5-m-]  thick), there are no sections with layer t significantly lower
than the target value. For very thin bonded PCC overlays (76 - [3-in-] thick), 80
percent of the sections have mean thicknesses significantly higher than the target value
for more than 6.35 mm (0.25 in). This percentage decreases with increasing target
thickness.

e For all material ATB and 178~mrn-  (7-in-) and 203-mm-  (8-in-) thick SB
layers, a much 1 of layers have a mean thickness significantly higher than
designed. For PAT&  the situation is just the opposite, with more than 40  percent of
layers having values that are significantly lower than the target value for more than 6.35
mm (0.25 in). For 203~msn-  (g-in-) thick SB  layers, there are no sections with a mean
measured thicknesses significantly higher than designed.

’ For yers, the number of sections with mean thicknesses below target
thic h the design thickness.

e All sections wi B and LC layers, except one, have thicknesses within I?. 25.4 mm
(I in) of the target thickness.
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Fimre 73: Ch esults of one-sided t-tests for the differences between core measurements”

and design thicknesses for tolerance level of 6.35 mm (0.25 in).
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Figure 74: Chart. esults of one-sided t-tests for the differences between mean core an
thicknesses by layer type and design thickness for tolerance level of 12.7 nun (0.5  in).
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Fig?.H-e  7 5 :  C h esults of one-sided t-tests for the differences between mean core and design
thicknesses by layer type and design thickness for tolerance level of 25.4 mm (I in).



n this chapter, the as-constructed core and elevation grid layer thickness measurements were
compared to the design thicknesses for newly constructed SPS layers.

The mean thickness difference between as-designed and as-constructed thic
computed for each Payer using both core and elevation thickness measurements and typical
thickness deviations from the target thicknesses are summarized, as well as their distribution
types.

For both data sources, two types of comparisons are made in relation to
thicknesses or target values. First,  both data sources were evaluated for
individual measurements either within or outside specific values from the target thickness.
Second, a statistical analysis was performed to compare the measured mean thickness values
with the designed val Two types of the thickness comparisons are performed for both data
sources. The two-side -test with 95 percent confidence level was used for each section and
layer to determine whether differences between as-designed and as-constructed thicknesses are
significant. One-sided t-tests with 95 percent confidence level were used for each layer to
determine if the difference between as-d igned thickness and the mean as-constructed thickness
had significant al10 axes of more than .35 mm (0.25 in), 12.7 mm (0.5 in), and 25.4 mm (I
in), respectively.

Based on the analysis of both data sources, the folilowing  conclusions  c

e The computed description statistics using elevation measurement  data are different from
those using core examination data. However, based on statistics analyses, the
differences in the mean layer thicknesses and standard deviations at the section or layer
level are not significant for a majority of the layers.

B For the same layer and material type, the mean constructed layer thicknesses tend to be
above the designe value for the thinner layers and below the design value for the thicker
layers.

8 The majority of the LC and PCC layers have constructed or measured thicknesses greater
than the design values. This is particularly true for thin (76~mm-  [3-m-]  and 127-mm-  [S-
in-] thick) PCC slabs.

0 Thin PCC and AC surface and binder layers have the highest n r of sections with a
mean as-constructed thickness that significantly deviates from t sign thicknesses.

e Elevation thickness measurements for PATB are more evenly buted  around the
target value. owever, the core measurements for PATB show a significant number
of sections have thicknesses lower than the target thickness. It appears that for some
cores the entire thickness of PATB layer was not obtained. The analysis shows the
values currently stored in the database. A feedback report was submitted regarding these
questionable data. In some cases, core thicknesses were less than 25.4 mm (1 in), even
though the target thickness is 102  mm (4 in).

ement  of all section/layers have mean thickness within ?6.35 mm (0.25 in)
from the target thickness.  For a tolerance level of 25.4 mm (1 in) this percentage is
above 90 for most layer types and target thickness values.



A comparison between analysis results from the elevation and core thickness measurements
shows that the percentage of measurements within the selected limits is approximately the same
for all three tolerance levels. However, the percentage of measurements lower than the target
value is consistently higher for core measurements than for elevation grid measurements.

Based in elevation measurements, it is observed that more than 70 percent of sections with
GAB have as-constructed thickness within k6.35  mm (0.25  in)  from the design value.
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This study was conducted to assess quality and completeness of avement layering information
and layer thickness data and to provide recommendations for improvement of the data that are
currently available in the LTPP  database. Within-section layer thickness variability was
characterized, and as-designed and as-constructed thicknesses were compared. Additionally, a
Guide for LTPP Lcdyer Thickness Data was developed.

In the course of the study, layer thickness data available in the LT database were examined to
evaluate quality and completeness using Levels A to 33  data. The layer  thickness data availability
assessment indicated that the TST-LOSB  and TSTJB5A tables contain the most complete set of
information about the representative layer structure and thickness for section-level analysis.
Only  16 pavement structures from LTPP regular sections and 1 pavement structure from a

not have any layer structure (includi ss) information in either
A. Analysis of data completeness at E revealed 3,457

pavement layer structures in the E N table. Some 3,240 of these
structures (93.7 percent) had reco hile 3,229 structures (93.4 percent)
had records in table TST-USA.

Laver  Thickness Quality  and Consistency

Following the data completeness evaluation, pavement layer thichess and other related data
from different data sources were evaluated to determine consistency of layer functional
description, material type, and thickness data between different data sources. In addition, layer
thickness variability indicators, within-section material type consistency, and material type and
thickness reasonableness were evaluated using selected tables where these parameters were
available.

The results of the data consistency evaluation showed that the pavement layer functional
descriptions are consistent between different LTP?  tables for 93 percent of all cross-section
layers evaluated in the study. Material type descriptions were found to be consistent between
different tables for 79 percent of all section layers evaluated in the study. Evaluation of material
type consistency was constrained by the absence of a unified material coding scheme.

epresentative layer thickness values were found consistent between different tables for 89
percent of all  pavement cross-section layers evaluated in the study. In the cases where
inconsistency in data from one or more data sources was identified, a layer was flagged for
further  review. Inconsistencies in pavement layering data were reviewed and reported to the

data managers in the  form of the data analysis/operations feedback reports along with
recommendations for data anomaly resolution.
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onally,  reasonableness (or validity) of material type description was evaluat The
se of the reasonableness check was to evaluate whether the material descript code for

the layer is consistent with the 1 bile  most of the records had vahd
material codes, 642 records out erroneous material codes, and some
records were missing material codes. The identified records were reported to the A in a
data analysis/operations feedback report.

Reasonableness of layer thickness data was evaluated using the representative layer thickness
ranges specified in the S -LTPP Lab Guide [3].  As a result of the layer thickness
reasonableness evaluation, ickness values outside the representative thickness ranges were
identified and reported to the A .

Within-Section Thickness Variation

The variation in layer thickness data from SPS experiments obtained at different locations within
sections was analyzed and characterized using theoretical statistical distributions. The analysis
included layers with different material and functional types, inchtding  AC surface courses,
combined AC surface and binder courses, AC binder courses, dense-graded aggregate bases,
dense-graded AC-treated bases, permeable AC-treated bases, lean concrete bases, PCC surface
layers, and PCC oVerlay layers. To assess layer thickness distribution characteristics, descriptive
statistics such as mean, standard deviation, skewness, and kurtosis were computed for each
section. A combined test for skewness and kurtosis was selected to test the normality of layer
thickness distributions for 1,034 SPS layers. The statistical.analysis  results indicated that, for 84
percent of all layers, thickness variations within a section indicate a normal distribution. These
results can serve as 8 very important input to pavement engineering applications involving
reliability of pavement design and also for quality assurance construction specifications.

As-Designed versus As-Constructed Thickness Comparison

As-constructed core and elevation layer thickness measurements were compared to the design (or
target) thickness values for newly constructed SPS layers. The data were evaluated to determine
the percentage of the individual  measurements either within or outside specific  values from the
target thickness.

Statistical analyses of the measured mean thickness values versus the designed values were
using t-tests. Two sided t-tests with 95 percent confidence  level were used for each
layer to estimate whether the differences between as-designed and as-constructed
are significant. One-side t-tests with 95 percent confidence level were used for

each Payer for the difference between as-designed thickness and the mean as-cons&u&e
thickness and for allowances of 6.35 XIX-II  (0.25 in), 12.7 mm (0.5 in), and 25.4 mm (I iin).

ased on the analysis of both data sources, the foallowing conclusions can be made:.

e The majority of the EC and KC  layers have constructed or measured thickness above the
design values. This is ~a~~~~~~~y  true for thin (76 mm [3 in] and 123  mm [5 in] thick)
PCC  bon overlays of KC  slabs.
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halt concrete surface and binder layers have the highest number of
sections with mean as-constructed thickness that significantly deviates from the designed
thicknesses

e Elevation thickness measurements for PATB are more evenly distributed around the
target value. However, the core measurements for PATB show that a significant number
of sections have thicknesses lower than the target thickness. It appears that for some
cores the entire thickness of PATB layer was not obtained. The analysis shows the
values currently stored in the database. A feedback report was submitted regarding these
questionable data. In some cases the core thicknesses were below 25.4 mm (1 in),
although target thickness is 102 mm (4 in).

e About 60 percent of section/layers have mean thickness within +6.35  mm (0.25 in) from
the target thickness. For the tolerance level of 25.4 mm (1 in) this percentage is above 90
for most layer types and target thicknesses.

A comparison between analysis results from the elevation and core thi ess measurements
shows that the percentage of measurements within tolerance limits for three tolerance levels is
approximately the same. IIowever,  the percentage of measurements lower than the target value
is consistently higher for core measurements than for elevation measurements.

Based on elevation meas ts, it is observed that more than 70  percent of sections with
DRAB  have as-constructed thicknesses within k4.35 mm (0.25 in) from the design value.

Researcher’s Guide for LTPP Layer Thic~ess-Related  Data

One important pro uct from this study is a Researcher’s Gui LTPP Layer T Data.
The main purpose f this researcher’s guide is to for selecting 1 erial
type and thickness ata from the LTPP database. The guide also contains a discussion about
within-section lay thickness variability and a comparison between as-designed and as-
constructed layer thicknesses. The researcher’s guide is presented in a se

Along-the-section variability of layer thickness is an essential input for reliability-bred
pavement design and performance  modeling. This input is characterized by the statistical
distribution attributes. During the evaluation of within-section layer thickness variability,
comprehensive descriptive statistics were obtained from rod and level elevation measurement
along the LTPP sections, for avement structural layers (base an surface course):

0 ean
Standard deviation

’ e Skewness
e urtosis

125



ata provide means for evaluating the distribution shape of layer thickness measurements
observed along the LTPP sections. Tests of normality were carried out to identify sections and
layers that have thickness values distributed normally. This valuable information provides
statistical characteristics of the within-section variability in pavement layer thickness for
different pavement layers and material types required for pavement engineering studies
involving assessment of pavement design reliability, such as mechanistic-empirical pavement
design procedures or pavement management procedures involving risk analysis. As such, we
recommend including these statistics in the LTPP database as a new computed parameter tables
(one table for each SPS experiment). The essential fields recommended for the new tables are:

@  Layer type

Standard deviation

e Normality indicator

Researcher’s Guide to LTPP Layer Thickness Data

Pavement layer material type and thickness data are very important for many types of pavement
engineering analyses. The accuracy of layer thickness data has a great impact on the outcome of
practically ah analyses of pavement performance. As part of the LTPP program data collection
effort, a large amount of data related to layer material type and thickness data have been
collected from several sources. These data are stored in many different tables. ased on the
analysis type, data from one or another table may be more appropriate.

To make the process of navigation through the LTPP layer thickness data more user-friendly, a
esearcher’s Guide for  LTPF Layer Thickness Data was developed in this study. This guide

discusses the field sampling, materials testing, and other layer thickness data collection activities
utilized in LTPP. The layer thickness data that currently reside in the LTPP database are
presented in relation to the  data collection activities or data sources. The guide also explains
how to search for the most appropriate thickness for different research purposes.
~baracte~~atio~  of the within-section thickness variation and designed versus construct
measured thickness  data variation for the LTPP sections are also included in the guide.
recommend that this guide be used as a reference when selecting LTPP pavement layering data
sources.

Improvement of LTPP Pavement Thickness Data Quantity and Quality

In an attempt to improve LTPP Payer thickness  data quality and quantity, an extensive review of
layer thickness data available in the LTPP database was carried out in this study. As a result,
several issues concerning questionable or anomalous data have been identnfied  and reported to
F A an a fmm of feedback repsrts. To improve the quality of existing Payer thickness

i~e~t~f~ed  data gaps, the reported data problems should be reviewed by the
ere warranted, the LTPP  database should be updated and cleaned to

~~IIKIVe  a~Qma~QUS  data.



Table 67 presents correlated groupings of “similar” materials used to correlate material codes
from inventory and testing tables. The first two columns provide material codes and LTPP
material descriptions used in the TST* tables. The second and third columns provided material
codes and LTPP material descriptions used in the DO/*, *, and SPS* tables. The last
column shows “simihtr”  material descriptions developed in this study to link testing an
inventory material codes.

TESTING

Table 67. Correlated material codes.
AYSIS
Material

I

101  1 Fine-Grained

338 Lime-Treated
Cement-Treated Subgrade

lo3
Fine-Grained

I InorfxmicCla

IV,
with S;lnd

-+
108

Fine-G
Clav M

Soils: Lean
ivel
Soils: Fat
weI
Soils: Clay

irained  Soils: Lean
rith  Sand
kained Soils: Fat
rith  Sand

Clayey Soils

Clayey Soils

Clayey Soils

Clayey Soils

Clayey Soils

brained Soi ls :
-ly  Lean Clay
irained Soils:
dy  Fat Clay
irained Soils:
I,  -1 .‘l n  *116

Fine-C
Graveily  uay  wlrn bana I

\ Fine-(‘-niw.xA  C-Zlm*

Clayey Soils

Clayey Soils

Clayey Soils
I

_ -

JlalllGu cY”113.

llv Lean Clay with I 1 I, Clavev Soils117 \ Grave .

Fine-Grained Soils:

136I I Gravelly Silty Clay with
I I

Clayey Soils
S a n d
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Table 67. Correlated material codes, continued.

51 1Clay (Liquid Limit > 50) 1Clayey Soils

111 1Fine-Grained Soils: Silty Clay 1 I Plo.r.axr Soils
1.79 with Sand: I I

LAag U’J

OIK 1 Coarse&rained Soil: Clayey
Allo

1 Sand
60 Clayey Sand Clayey Sand

?%1” I Coarse-Grained  Soil: Clayey
AI/ - -Sand with Gravel

Clayey Sand

251 Coarse-Grained Soil: Gravel 61 Gravel Gravel

266
Coarse-Grained Soil: Clayey
Gravel

63 Clayey Gravel Gravel

Coarse-Grained Soil: Clayey

255 1 Graded Gravel with Silt ad I Gravel

256 Coarse-Grained Soil: Poorly
Graded Gravel with Clay

Gravel

Coarse-Grained Soil: Poorly
257 Graded Gravel with Clav and I Gravel

25x
Coarse-@rained Soil: Well-
Graded Gravel

Gravel

259 Coarse-Grained Soil: Well-
Graded Gravel with Sand

Gravel

Coarse-Grained Soil: Well-
261 Graded C.kavel  with Silt and Gravel



Table 67. Correlated material codes, continued.

304 Crushed Gravel
Processed Granular Base
Materials

305 Crushed Slag
Processed Granular Base
Materials

Crushed Stone, Gravel or Processed Granular Base

ly Graded Sand with



Table 67. Con-elated material codes, continued.

Sand with Silt and

Predominantly Fine-



Table 67. Correlated material codes, continued.

ANA~Y§~§TESTING
“Similar” material

Dense-Graded, Cold-Laid

TST
Code

324

319

PNV
Code

30

1

Dense-Graded, Cold-Laid,
Mixed In-Place
HMAC

Dense-Graded, Cold-Laid,
Mixed In-Place A C

HMAC

Hot-Mixed, Hot-Laid AC,
Dense-Graded

Hot-Mixed, Hot-Laid
Asphalt Concrete, Dense-
Graded
Dense-Graded, Hot-Laid,
Central Plant Mix
Hot-Mixed, Hot-Laid
Asphalt Concrete, Qpen-
Graded (Porous Friction
Course)
Open-Graded, Hot-Laid,
Central Plant Mix
Open-Graded, Cold-Laid,
Central Plant Mix
Open-Graded, Cold-Laid,
Mixed In-Place

Dense-Graded, Hoe-Laid
A C

Dense-Graded, Hot-Laid
A C

1

322 28
Dense-Graded, Hot-Laid,
Central Plant Mix

Hot-Mixed, Hot-Laid  AC,
Open-Graded

2 2 Open-Graded, Hot-Laid AC

325 Open-Graded, Hot-Laid ACOpen-Graded, Hoot-Laid,
Central Plant Mix
Open-Graded, Cold-Laid,

31

32

33

Open-Graded, Cold-Laid
A C
Open-Graded, Cold-Laid

326

327

10

9

340

C&al Plant Mix
Open-Graded, Cold-Laid,
Mixed In-Place
Plant Mix (Cutback

A C

Plant Mix (Cutback Asphal t )
Material, Cold-Laid

Asphalt) Material, Cold-
Laid

10 Cutback Asphalt MixAsphalt) Material, Coid-
Laid
Plant tix (Emulsified
Asphalt) Material, Cold-
Laid

9 Emulsified Asphalt  Mix

High-Strength Stabilized
Bases
High-Strength Stabilized
Bases
High-Strength Stabilized
B a s e s

Recycled AC, Heater
Scarification/Recompaction

Recycled AC, Hot-Laid,
Central Plant Mix
Recycled AC, Hot-Laid,
Central Plant Mix

Pozzolanic-  Aggregate
Mixture

Pozzolanic-Aggregate
ixture

Soil Cement

Cement-Aggregate Mixture

Recycled Asphalt Concrete
Heater
Scarification/&compaction
Recycled Asphalt Concrete
Hot-Laid, Centrai Plant Mix
Recycled Asphalt Concrete,
Plant Mix, Hot-Laid
Recycled Asphalt Concrete,
Cold-Laid, Mixed-In-Place
Recycled Asphalt Concrete,

Soil Cement 27

37

16

13

Cement Aggregate Mixture

Recycled AC, Heater
ScarificationfRecompaceion

Recycled AC, Hot-Laid,
Central Plant Mix
Recycled Asphalt Concrete,
Plant Mix, Hot-Laid
Recycled AC, Cold-Laid
Mixed-In-Place

16

13

328

15 15

36

84
46

Mixed In-Place
Sand Asphal t

/ Sand Asphalt

\ Mixed In-Place
\ Sand Asphalt
\ Sand Asphalt

84
320
321

Sand Asphal t
Sand Asphal t

I AsDhalt-Treated  Mixture
I \ 40 \ Sand-Shell Mixture

\ Sand Asphalt
( Sand-Shell Mixture I





The following formulations for the combined skewness and kurtosis test were developed based
on the reference [4 B 1.

For the skewness, we have:

Figure 76: Equation. Skewness definition.

For kurtosis, we have:

kutiosis = k4 =
1

(n-l )(n-Z)(n-3)
Where:

Iz
Xi
z

= number of layer thickness measurements for the layer
= individual layer thickness measurement along the section
= mean layer thickness

Figure 77: Equation. Kurtosis definition.

To evaluate the skewness and kurtosis tests results, the non-dimensional  skewness and kurtosis
coefficients are computed, as following:

I gl = k&s3
Where:

s = standard deviation.

Figure 78: Equation. Non-dimensionall skewness coefficient definition,
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here:
g2 = ws4

s = standard deviation

Figure 79: Equation. Non-dimensional kurtosis coefficient definition.

Based on the gl and g2  values, the statistics .&and  b2  are found next:

Equation. Definition of Jb, statistic.

Figure 81: Equation. Definition of 62  statistic.

TQ  find z1  value, the following parameters are computed using Jb, and b2  statistics:

Figure 82: Equation. efinition of intermediate parameter A.

Figure 83: Equatisn.  Definition of intermediate parameter

Figure 84: uation. Definition of intermediate parameter C.



Figure 85: Equation. Definition of intermediate parameter

2E= -d-----P-1

Figure 86: Equation. Definition of intermediate parameter E.

The corresponding ,Q  value used as a skewness test statistic is the followmg:

Figure 87: uation. efinition of skewness test statistic 21.

To find z2  value, the following intermediate parameters are compu

I mean bT = 3’(n-1  )/(a + 1) i
Figure 88: Equation. Definition of the mean of intermediate parameter meanbz.

Figure 89: Equation. Definition of the variance of intermediate parameter varb2.

Figure 90: Equation. Definition of intermediate parameter F.

I 1

I G = 6 (r?-5nt2)
II

6(n+3)(n+5)
(n+7)(n+9)  n(n-2)(n-3) I

Figure 91: Equation. Definition of intermediate parameter G.
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Figure 92: Equation. Definition of intermediate parameter H.

The corresponding z2  value used as a kurtosis test statistic is the following:

i I
l/3

1-L 1-g
9H 2

B+F  -
A l - -H-4

z, =
2

IF9H

Figure uation. Definition of kurtosis test statistic ~2.

The z1  and z2 statistics are used to obtain the p-values (the probability that values of the standard
normal distribution are more extreme than the computed z1 and z2 statistics).



The Kolmogorov-Smirnov test procedure involves the comparison between the experimental
cumulative frequency and an assumed theoretical distribution function. If the discrepancy is
large compared to what is normally expected from a given sample size, the theoretical model is
rejected.

The Kolmogorov-Smirnov test procedure involves the following steps:

1 . Sort layer thickness measurements in the ascending order.
2 . Compute cumulative frequencies of each layer thickness observation S,(X)  using the

following formula:

. .

Figure 94: Equation. Cumulative frequencies definition.

Where xk  is a layer thickness value from sample of n layer thickness measurements sorted
in the ascending order by thickness value. The k - index indicates the order of layer
thickness observation in the sorted layer thickness array.

3 . Select a candidate theoretical distribution function (for example, normal distribution).
4 . Using the layer thickness measurements data, compute descri tive statistic values

necessary for definition of the selected theoretical distribution (for example, mean and
standard deviation).

5 . Using selected theoretical distribution function and computed descriptive statistics,
compute theoretical cumulative frequency values F(Q) for each thickness value xk.

6 . Find the difference between the observed cumulative frequency value  &(xk)  and the
theoretically predicted cumulative frequency values F(xk)  for each xk  from the sample of n
thickness measurements.

7 . Select the maximum difference between the observed cumulative frequency value &.(xk)
and the theoretically predicted cumulative frequency values F(xk)  called the observed
maximum difference D, or D-kn&u:  statistic. This value is a measure of discrepancy

_ . between the theoretical model and the observed data.



Figure 95: Eqluation.  D-max statistic definition.

8 . Select level of significance a = 1 percent
9 . Compute the critical value II: based on selected value of a. Based on value of n, Df is

found as following

I
i f  5_<k2<50, 0.7688 e n-o.4o88 (apoximately,

if n  > 50, 1.031*n-  OS

ne F statistic is defined as P(D,  I .DF)  = I-  cx

Figure 96: Equation. Critical value DP  definition.

. The Kolmogorov-Smirnov test determines whether, for specified level of significance a,
the proposed distribution is an acceptable representation of the field data.

n , the theoretical distribution is acceptable

n , the theoretical distribution is rejected

Figure 97: uation. Kolmogorov-Smirnov test evaluation criteria.

The following figure 98 demonstrates the results of the Kolmogorov-Smirnov test for a layer that
did not pass the test of normality.
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Figure 98: Chart. Example of Ko~mogorov-S~mov  normal ~st~~~tion  goodness-of-fit test

The layer thickness measurements taken along the SPS LTPP sections for the structural layers
were tested to determine bow well the distribution of layer thickness measurements taken along
the LTPP section follow selected theoretical distribution. The following table 69 provides the
description of the layer and material types used in the SPS experiments. The table also provides
information about layer thickness measurement sample sizes available in the LTPP database.

Table  68. Number of pavement layers and number of layer thickness measurements per layer
grouped by material and layer type.

Layer-Material Type



le  represents a group of measurements taken along the LTPP  section for a specific
layer and mat&ial  type. There are 1,047 layers with thickness measurements along the LTP
section available in the LTPP  database for the surface and base courses. The number of
thickness measurements per Payer and material type taken along the LTPP section ranges from 1
to 60.  About 85 percent of all layers have at least 55 observations.

A total of 1034 pavement layers were tested to determine how well variability in layer thickness
data along the LTPP section could be described using normal distribution.
Smirnov goodness-of-fit test evaluated for level of significance alpha equal to 1 percent are
summarized in table 70.

The results did not show as strong an indication of layer thickness distribution normality as the
results of combined skewness and kurtosis test. This could be explained by lower power of
Molmogorov-Smirnov goodness-of-fit test compared to the combined skewness and kurtosis test.
Low power indicates high probability of failing to reject the false null hypothesis.



Table 69. Summary of the goodness-of-fit results using Kolmogorov-Smirnov  test with
1 percent level of significance.

I SPS-6 1 3 7 (53.8 %) I 6 (46.2 %) I
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